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Preface 


The  contents  of  this  volume  of  the  Journal  of  Non-Crystalline  Solids  contains  a  large  fraction  of  the  papers 
presented  at  the  symposium  ‘Amorphous  Insulating  Thin  Films  IF  which  took  place  in  Strasbourg,  France  from 
24  to  27  May  1994.  The  symposium  was  organized  under  the  auspices  of  the  European  Materials  Research 
Society  and  was  a  follow-up  to  one  organized  in  the  USA  during  the  Fall  1992  meeting  of  the  Materials 
Research  Society  in  Boston.  113  participants  were  registered  for  the  Strasbourg  meeting  representing  more  than 
20  different  countries  from  around  the  world.  Presentations  at  the  symposium  were  divided  between  oral  and 
poster  sessions,  and  for  the  first  time  we  introduced  the  concept  of  an  extended  panel  session  entitled 
‘Microscopic  Characterization  of  the  Si/Si02  Interface’  during  which  invited  speakers  were  asked  to  present 
different  characterization  methods.  This  session  was  well  attended  and  the  organizers  would  like  to  sincerely 
acknowledge  the  efforts  made  by  Tatsumi  Mizutani  who  set  up  and  steered  the  session  and  J.-J.  Benattar,  W.M. 
Lau,  A.  Ishitani,  B.  Drevillon  and  A.  Crossley  who  kindly  accepted  to  ‘defend  their  causes’. 

Of  the  112  papers  scheduled  for  presentation  either  in  the  poster  or  as  oral  format,  73  originated  from 
University  laboratories,  28  from  national  research  laboratories  and  11  from  industrial  laboratories.  If  these 
statistics  can  be  generalized,  they  give  a  good  insight  into  the  trends  in  materials  research  and  indicate  that, 
increasingly,  it  is  being  performed  in  the  academic  environment  rather  than  in  the  industrial  sector.  Finally,  we 
would  like  to  thank  all  of  the  participants  who  made  the  effort  to  come  to  Strasbourg  and  who  made  the 
symposium  the  success  that  it  was. 
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Abstract 

This  review  is  focussed  on  the  most  demanding  application  of  dielectrics  in  microelectronics,  namely  that  in  field  effect 
technology.  It  is  shown  that  the  requirements  of  this  technology  can  only  be  met  in  silicon  devices;  the  developments  over 
the  past  30  years  indicate  that  there  is  no  reliable  replacement  for  Si-Si02  in  the  gate  system.  However,  for  DRAM 
capacitors  the  use  of  alternative  dielectrics  with  higher  dielectric  constant  and  of  ferroelectrics  turns  out  to  be  unavoidable 
but  also  manageable.  The  limitations  of  other  semiconductor  systems  with  regards  to  dielectrics  are  briefly  reviewed. 


1.  Introduction 

Dielectrics  fulfill  a  number  of  essential  functions 
in  the  fabrication  and  operation  of  semiconductor 
devices  and  integrated  circuits.  The  chemical  char¬ 
acteristics  of  these  materials  are  generally  decisive 
when  employing  them  as  masks  in  classical  diffu¬ 
sion  processes  or  to  define  areas  of  localized  growth 
and  when  using  them  as  capping  layers  to  prevent 
loss  of  material  when  thermally  activating  im¬ 
plants.  Critical  applications  are  certainly  those 
where  a  particular  dielectric  is  selected  because  of 
its  effect  on  the  electrical  characteristics  of  devices 
and  circuits.  Typical  examples  are  the  application 
as  an  insulator  between  conductors  or  as  a  material 
to  passivate  the  surface  of  the  semiconductor.  Par¬ 
ticularly  demanding  are  functions  as  capacitor  di¬ 
electric  or  as  gate  dielectric  in  the  insulated  gate 
field  effect  device  technology.  For  the  gate  applica- 
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tion  the  stability  of  device  threshold  and  transcon¬ 
ductance  is  the  prime  requirement.  On  the  other 
hand,  the  capacitor  application  demands  high  stor¬ 
age  capacity  at  very  low  charge  leakage. 

For  most  semiconductors  these  requirements, 
particularly  for  field  effect  device  and  capacitor 
application,  are  hard  to  fulfill.  A  favorable  situation 
in  silicon  technology,  which  is  related  to  the  prop¬ 
erties  of  thermally  grown  Si02,  is  the  exception 
rather  than  the  rule.  By  the  same  token,  this  feature 
of  the  Si-Si02  system  is  the  reason  for  its  domi¬ 
nance  in  the  field  of  microelectronics.  A  discussion 
of  the  requirements  of  device  applications  and  their 
fulfillment  in  Si  technology  using  Si02  and,  when 
necessary,  also  alternative  dielectrics  will  therefore 
constitute  the  main  theme  of  this  review. 


2.  Requirements  on  dielectrics  in  field  effect  technology 

It  is  essential  for  the  design  and  operation  of 
metal-oxide-silicon  field  effect  transistor  (MOS- 
FET)  circuits  to  have  devices  with  controlled 
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characteristics.  In  practice  this  means  a  well-defined 
threshold  and  transconductance  obtained  by  having 
a  minimum  amount  of  charge  trapped  in  the  gate 
dielectric  and  a  minimum  density  of  traps  at  the 
semiconductor^dielectric  interface.  Moreover,  these 
characteristics  should  not  change  with  time.  Injec¬ 
tion  of  carriers  into  the  dielectric  will  lead  to  charge 
capture  and  generation  of  new  bulk  and  interface 
traps,  and  thus  to  changes  in  the  device  character¬ 
istics.  This  implies  that  the  barrier  against  injection 
of  carriers  into  the  insulator  should  be  high,  which  is 
generally  the  case  for  high  band  gap  dielectrics. 
Moreover,  the  efficiency  for  generating  bulk  and 
interface  states  should  be  as  low  as  possible  [1,  2]. 

In  dynamic  random  access  memories  (DRAMs) 
the  basic  cell  consists  of  a  MOSFET  in  series  with 
a  capacitor.  In  the  two  logical  states  of  the  cell  the 
capacitor  is  either  charged  or  free  of  charge.  Since 
the  capacitor  does  not  have  a  channel  like  the 
MOSFET,  the  electrical  properties  of  the  interface 
are  not  critical.  In  fact,  metal  electrodes  may  be 
inserted  between  semiconductor  and  dielectric. 
However,  the  memory  only  functions  if  at  least 
a  minimum  amount  of  charge  is  stored,  which  de¬ 
fines  a  lower  limit  of  the  capacitance  of  the  device 
[3].  In  the  ultra  large  scale  integration  (ULSI) 
technology  this  can  be  realized  by  extending  the 
capacitor  area  in  the  third  dimension  (employing 
trenches,  stacked  folded  layers  or  structured  surfa¬ 
ces)  or  by  using  high  dielectric  constant  materials. 
In  addition,  to  limit  the  number  of  refresh  opera¬ 
tions,  there  is  a  minimum  acceptable  amount  of 
charge  loss  by  leakage  Acm“^). 

In  contrast  to  the  DRAM  technology,  where  the 
information  is  lost  when  the  supply  voltage  is 
switched  off,  non-volatile  memories  maintain  the 
information  independent  of  such  interruptions.  In 
this  case  the  cell  consists  of  one  single  field  effect 
transistor  with  two  logical  states  corresponding  to 
two  threshold  values.  One  of  these  threshold  values 
is  that  for  the  charge-free  gate  insulator  system,  the 
second  is  that  for  the  charged  gate  insulator  system. 

Two  different  approaches  are  being  used  for 
charge  storage.  In  the  first  the  charge  is  stored  in 
the  dielectric  itself,  which  therefore  should  have 
a  large  trapping  state  density.  The  dielectric  mostly 
used  for  storage  is  Si3N4,  with  a  very  thin  barrier  of 
Si02  on  the  channel  side  to  improve  the  interfacial 


properties  and  increase  the  storage  time.  In  the 
second  approach  an  electrically  floating  poly-Si 
electrode  is  used  for  storage;  it  is  insulated  from  the 
channel  and  the  control  gate  by  Si02  films.  Charg¬ 
ing  and  discharging  take  place  by  means  of  tunnel 
injection  of  carriers  or  by  hot  carrier  injection.  It 
should  be  noted  that  these  are  the  very  processes 
which  one  tries  to  avoid  in  the  operation  of  stan¬ 
dard  MOSFETs  since  they  lead  to  permanent 
changes  in  the  device  characteristics.  Such  degener¬ 
ation  phenomena  limit  the  number  of  feasible 
charge-discharge  operations  to  around  10^  for 
floating  gate  structures  (FLOTOX:  floating  gate 
tunnel  oxide  memory),  to  over  10^  for  storage  in 
a  nitride  film  with  an  additional  Si02  layer  on  the 
gate  electrode  side  to  improve  charge  retention 
(SONOS:  poly-Si  gate/oxide/nitride/oxide/semi- 
conductor  memory)  [4]. 


3.  Dielectrics  in  the  classical  MOSFET  technology 

It  has  been  known  for  many  years  that  Si02 
obtained  by  thermal  oxidation  of  Si  in  an  O2  or 
H2O  atmosphere  is  a  nearly  ideal  insulator  and 
exhibits  an  excellent  ffit’  to  the  semiconductor  sub¬ 
strate.  The  Si-Si02  system  provides  high  temper¬ 
ature  diffusion  masking,  constitutes  a  passivated 
semiconductor  surface  and,  above  all,  is  the  basis  of 
the  MOSFET  technology.  Since  its  inception  in  the 
early  sixties  this  technology  has  developed  rapidly. 
Originally  the  interest  was  mainly  focussed  on  the 
macroscopic  material  properties  of  the  insulator. 
The  question  of  the  atomic  structure  of  electrically 
active  defects  in  Si-Si02  became  a  major  topic  in 
the  seventies.  At  the  present  time  most  of  these 
developments  are  textbook  material  [5,  6]. 

The  most  striking  features  of  the  Si-Si02  system 
are  the  following:  high  temperature  annealing  in 
neutral  ambients  after  oxidation  suffices  to  lower 
the  oxide  charge  to  less  than  10^^  electron  charges 
per  cm^.  A  low  temperature  post-metallization  an¬ 
neal  in  the  presence  of  an  A1  gate  electrode  reduces 
the  density  of  interface  states  below  lO^^cm"^. 
The  combination  of  these  annealing  steps  pro¬ 
duces  a  well-defined  threshold  voltage  and  a  high 
transconductance  in  MOSFETs.  These  features  are 
both  essential  for  the  operation  of  integrated  circuits. 
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The  main  reliability  problems  related  to  the  gate 
dielectric  in  early  MOSFETs  were  low  field  break¬ 
down  and  electrical  shorts,  caused  by  extended 
defects  in  the  film  or  by  contaminants,  particularly 
Na*^  ions.  Na'^  ions  also  affect  the  threshold  volt¬ 
age.  The  introduction  of  clean  processing  and  the 
insertion  of  a  barrier  layer  on  the  gate  side  of  the 
oxide  effectively  solved  these  problems.  Low  phos¬ 
phorus  concentration  phosphosilicate  glass  (PSG), 
chemically  vapor  deposited  (CVD)  Si3N4  and  CVD 
AI2O3  were  proposed  as  barrier  or  trapping  layers 
of  Na'^.  By  keeping  a  Si02  layer  adjacent  to  the 
silicon  the  favorable  properties  of  the  Si-Si02  in¬ 
terface  were  preserved  in  the  gate  structure.  Only 
the  Si02-PSG  combination  has  been  extensively 
used.  Interestingly,  Si02  -AI2O3  has  also  been  con¬ 
sidered  as  a  gate  dielectric  for  enhancement  n-chan- 
nel  MOSFETs  because  of  the  tendency  of  AI2O3  to 
charge  up  negatively  due  to  its  affinity  for  electrons 
[7].  Because  of  its  technical  interest  the  physics  and 
technology  of  the  Si-Si02  system  dominated  the 
programs  of  the  different  scientific  conferences  in 
the  field  of  semiconductor-insulator  technology. 

Two  of  these  have  been  held  regularly  for  many 
years:  the  Semiconductor  Interface  Specialists  Con¬ 
ference  (SISC,  in  the  USA,  mostly  annually  since 
1965);  the  Insulator  Films  on  Semiconductors  Con¬ 
ference  (INFOS,  in  Europe,  biennially  since  1979). 
The  published  proceedings  of  the  latter  conference 
present  an  excellent  overview  of  the  development  of 
the  field  over  the  past  15  years. 


4.  Newer  developments 

The  development  of  the  MOSFET  technology  to 
higher  densities  and  smaller  dimensions  in  the 
seventies  and  eighties  had  major  consequences  for 
the  gate  dielectric.  Because  of  the  higher  fields  in 
devices  of  reduced  dimensions  the  problem  of  car¬ 
rier  heating,  injection  across  the  semiconduc¬ 
tor-dielectric  barrier  and  trapping  in  the  dielectric 
became  acute.  This  made  the  use  of  PSG,  Si3N4 
and  AI2O3  with  their  high  trap  densities  [7]  prob¬ 
lematic,  so  that  gradually  only  single  films  of  Si02 
were  employed.  Consequently,  attention  shifted  to 
the  trapping  behavior  and  the  corresponding  point 
defects  of  thermally  grown  Si02.  Even  though  the 


defect  densities  in  this  dielectric  (typically 
10^  ^-10^^  cm  “^)  are  lower  by  a  few  orders  of  mag¬ 
nitude  (typically  cm”^)  their  control  be¬ 

came  of  considerable  importance. 

Electrically  active  defects  in  Si02  may  be  intro¬ 
duced  by  foreign  atoms,  like  Si  dopants  [8],  but  in 
most  cases  their  concentrations  are  negligible.  The 
so-called  water-related  defects  [9]  (Si-OH  groups 
or  H2O  dissolved  in  the  Si02  network)  are  dilficult 
to  avoid  and  may  be  present  in  concentrations  of 
lO^^-lO^^  cm“^.  They  strongly  affect  the  charac¬ 
teristics  of  the  device  when  charge  is  injected.  Elec¬ 
trically  active  intrinsic  defects  are  known  to  occur 
in  connection  with  oxygen  deficiency  [10]  or  strain 
in  the  oxide  [11].  To  this  category  also  belongs  the 
dangling  bond  (‘trivalent  silicon’)  interface  state  at 
the  Si-Si02  interface  [12]. 

Quantitatively  more  important  than  the  defects 
which  are  present  in  the  as-prepared  MOS  struc¬ 
ture  are  those  generated  by  injected  carriers  or  by 
energetic  radiation.  The  condition  for  the  genera¬ 
tion  of  these  defects,  which  appear  as  bulk  and  as 
interface  states,  is  the  capture  of  the  carriers  by  bulk 
defects  [13].  Also,  the  presence  of  water-related 
defects  and  hydrogen  transport  appear  to  be  condi¬ 
tions  for  the  generation  of  interface  states  [14]. 
Since  these  states  cause  considerable  changes  in  the 
characteristics  of  MOSFETs  it  is  important  to  pre¬ 
vent  them  by  minimizing  the  density  of  injected 
carriers  and  the  fraction  of  these  carriers  that  will 
interact  with  the  oxide  to  form  new  defects. 


5.  Optimizing  the  Si-Si02  system 

Notwithstanding  attempts  to  reduce  the  expo¬ 
sure  to  high  temperatures  by  using  CVD-Si02  as 
a  gate  insulator,  it  appears  that  in  order  to  match 
the  quality  of  thermally  grown  Si02  films  high 
temperature  annealing  is  required.  Thus,  thermal 
oxidation  remains  the  preferred  method  for  prepar¬ 
ing  this  gate  insulator.  However,  considerable  ef¬ 
forts  have  been  made  to  maximize  the  level  of 
control  of  the  film  properties  and  to  move  the  limits 
of  application  of  Si02  by  reducing  its  sensitivity  to 
carrier  injection.  In  line  with  the  development  of 
the  MOSFET  technology  to  small  dimensions  this 
work  focussed  on  Si02  films  thinner  than  10  nm. 
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In  this  thickness  range  the  rate  of  generation  of 
interface  states  and  the  density  of  injected  charge 
necessary  to  cause  breakdown  of  the  film  for 
a  given  average  field  in  the  oxide  decrease  with  film 
thickness  [15].  By  itself,  fabrication  of  functioning 
n~  and  p-channel  MOSFET  devices  with  gate  ox¬ 
ides  as  thin  as  3.5  nm  does  not  appear  to  present 
special  problems  [16,17].  The  requirement  of 
a  maximum  tolerable  leakage  current  puts  the 
lower  limit  of  Si02  thickness  for  a  corresponding 
DRAM  technology  near  4  nm  [18].  However, 
thickness  and  uniformity  of  the  films  in  this  thick¬ 
ness  range  are  strongly  dependent  on  the  details  of 
the  growth  technology.  Developments  in  recent 
years  were  concerned  with  the  following  three  as¬ 
pects  of  film  growth:  preparation  of  the  silicon 
surface  for  growth;  minimizing  the  level  of  contami¬ 
nation;  improving  the  properties  of  the  Si-Si02 
system  by  means  of  small  concentrations  of  addi¬ 
tives. 

The  goal  of  the  substrate  preparation  technique 
is  the  removal  of  a  thin  (a  few  nm)  layer  of  silicon  by 
wet  chemical  oxidation  and  etching  of  the  resulting 
oxide  film  in  order  to  remove  surface  damage,  par¬ 
ticulate  matter  and  contaminants,  particularly 
metals.  These  factors,  as  well  as  rough  surfaces,  lead 
to  films  with  reduced  breakdown  strength  [19,  20]. 
Exposure  to  HE  vapor  or  to  an  aqueous  solution  of 
HE  as  the  final  step  in  surface  preparation  will 
result  in  a  hydrogen-terminated  Si  surface,  which 
by  heating  in  neutral  ambients  is  turned  into  an 
extremely  reactive  ‘naked’  Si  surface.  In  the  pres¬ 
ence  of  hydrocarbons  this  will  lead  to  the  formation 
of  SiC,  which  affects  the  quality  of  the  subsequently 
grown  oxide  [21]. 

Covering  the  substrate  by  a  wet  chemically  pre¬ 
pared  oxide  film  provides  a  well-defined  starting 
point  for  the  subsequent  thermal  oxidation  and 
consequently  for  the  growth  of  a  film  of  uniform 
thickness  and  optimum  properties. 

High  demands  are  being  put  on  the  purity  of 
chemicals  and  gases  used  in  this  process.  Erom  the 
point  of  view  of  control  the  use  of  a  closed  system 
for  surface  preparation,  oxidation  and  poly-silicon 
gate  deposition,  i.e.  for  the  preparation  of  a  sealed 
gate  system,  looks  very  attractive  [19].  However, 
definite  proof  of  the  advantages  of  this  cluster  tool 
approach  still  has  to  be  produced. 


The  region  in  the  Si02  film  close  to  the  Si  sub¬ 
strate,  where  the  oxide  network  joins  the  crystalline 
semiconductors,  is  the  site  of  strain  and  defects.  It 
may  be  expected  that  incorporation  of  impurities  in 
the  Si-O  ring  structure  may  lead  to  strain  relief  and 
chemical  saturation  of  the  oxide  structure.  With 
this  goal  in  mind  the  effect  of  addition  of  small 
amounts  of  nitrogen  and  fluorine  on  the  oxide  has 
been  extensively  studied  in  recent  years. 

Nitrogen-doped  oxides  are  prepared  by  oxida¬ 
tion  in  N2O/O2,  annealing  in  N2O  [22],  annealing 
in  NH3  and  O2  [23],  or  N-implantation  in  the 
poly-Si  gate  followed  by  annealing  [24].  Such  low- 
N-doped  oxides  improve  the  resistance  of  the  gate 
system  to  hot  carrier  degradation  of  the  MOSFET 
characteristics  and  extend  the  number  of 
write-erase  cycles  in  FLOTOX  memory  devices 
[25].  Moreover,  the  outdiffusion  of  B  from  the 
poly-Si  gate  is  markedly  suppressed.  N-doped  ox¬ 
ides  also  slow  down  the  diffusion  of  H,  which  plays 
a  role  in  the  hot  carrier  induced  generation  of 
interface  states  [14]. 

Whereas  N-incorporation  most  likely  takes  place 
in  the  Si-O  ring  structure,  providing  additional 
flexibility  to  the  network,  the  role  of  F  is  probably 
to  chemically  stabilize  broken-up  ring  structures. 
Implantation  into  the  poly-Si  gate  appears  to  be 
a  practical  way  of  introducing  the  F  dopant  into 
the  oxide  for  thin  oxide  MOS-structures  [26,  27]. 
Again  charge  trapping  and  the  generation  of  inter¬ 
face  states  are  suppressed.  Only  very  low  concen¬ 
trations  (approximately  lO^'^^cm”^)  are  necessary 
to  reach  these  goals  [28]. 


6.  Insulators  in  other  semiconductor  technologies 

Suitable  materials  for  masking,  capping,  surface 
passivation  and  interconnection  isolation  have 
been  found  for  most  semiconductor  technologies. 
However,  for  the  most  critical  application,  that  of 
gate  dielectric,  this  is  not  the  case. 

We  first  consider  oxides  obtained  by  thermal 
oxidation  of  the  semiconductor.  The  thermally 
grown  oxide  of  Ge  has  a  tendency  to  be  oxygen- 
deficient;  this  is  also  the  case  at  the  interface. 
Consequently,  the  Ge-Ge-oxide  system  has  a  large 
density  of  interface  states  and  exhibits  pronounced 
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carrier  capture  in  the  insulator  [29].  When  at¬ 
tempting  to  prepare  a  semiconductor  insulator  sys¬ 
tem  on  SiGe  alloy,  one  is  confronted  with  the  same 
problems  as  encountered  in  Ge-technology.  In  the 
thermal  oxidation  process  Ge  tends  to  be  rejected 
[29].  A  study  of  Ge-implanted  Si02  shows  that  Ge, 
if  incorporated  into  the  oxide,  traps  one  electron 
per  Ge-atom  [30].  Oxidation  of  III-V  or  II~VI 
semiconductors  presents  basically  the  same  prob¬ 
lems  as  that  of  SiGe:  one  of  the  components  is 
preferentially  consumed  or  incompletely  oxidized, 
with  attendant  electrically  active  oxide  defects  and 
high  concentrations  of  interface  states. 

CVD  insulator  films  (like  Si02)  in  combination 
with  annealing  treatments  have  led  in  some  cases  to 
acceptable  interface  state  densities  but  not  to  low 
bulk  trapping  levels.  In  recent  years  the  idea  of 
using  an  epitaxially  grown  wider  gap  semiconduc¬ 
tor  layer  has  been  borrowed  from  HEMT  (high 
electron  mobility  transistor)  technology.  This  layer 
should  be  sufficiently  thick  to  prevent  tunneling  of 
carriers.  A  conventional  large  gap  insulator  could 
be  added  on  but  the  electrical  stability  of  these 
configurations  remains  to  be  proven  [31]. 

7.  Features  of  the  ideal  semiconductor-insulator 
system 

Next,  we  will  attempt  to  define  the  characteristics 
of  the  ideal  insulator  for  field  effect  gate  and  storage 
capacitor  application.  For  the  gate  insulator  the 
density  of  traps  in  the  bulk  of  the  material  and  at  its 
interface  with  the  semiconductor  should  be  as  low 
as  possible.  To  reduce  carrier  injection  the  material 
should  have  a  wide  band  gap.  The  requirement  of 
low  defect  density  would  be  ideally  fulfilled  in  cry¬ 
stalline  materials.  To  obtain  also  a  perfect  interface 
the  insulator  should  be  grown  epitaxially  on  the 
substrate.  In  practice,  it  turns  out  that  such  an 
insulator-semiconductor  combination  is  very  rare 
occurrence.  The  results  on  the  one  system  which 
has  been  studied  fairly  extensively,  CaF2  grown 
with  0.6%  mismatch  on  (100)  Si,  have  not  been 
encouraging  [32]. 

An  alternative  would  be  the  growth  of  a  vitreous 
insulator  on  the  semiconductor.  Vitreous  materials 
are  covalently  bonded  and  exhibit  considerable 


flexibility  in  their  structure.  For  this  reason  they 
should  be  able  to  provide  a  low  defect  density 
interface.  A  prime  example  of  this  case  is  the 
Si~Si02  system.  Si02  is  a  vitreous  material  which 
shows  nearly  perfect  short  range  order  determined 
by  chemically  saturated  Si04  building  blocks. 
Their  flexible  structure  allows  the  formation  of 
Si-O  rings  of  different  sizes  [33,  34]  which  provides 
a  good  fit  and  minimizes  the  strain  near  the 
Si-Si02  interface.  This  explains  why  in  the  absence 
of  hydrogen  passivation  defect  densities  as  low  as 
a  few  times  10^^  cm"^  are  obtained  [35]. 

Covalent  bonding  as  required  for  vitreous  mater¬ 
ials  generally  occurs  between  non-metals  which  do 
not  differ  too  much  in  electronegativity.  These  con¬ 
ditions  and  that  of  a  sufficient  band  gap  are  met  by 
the  elements  on  the  upper  right-hand  side  of  the 
periodic  table.  In  addition  to  Si02,  typical  vitreous 
materials  are  Si3N4  (which  has  a  rather  high  electri¬ 
cally  active  defect  density)  and  the  chalcogenides 
like  AS2S3  (  which  has  a  relatively  narrow  band 
gap).  Consideration  of  the  vitreous  insulators  thus 
does  not  leave  us  with  many  additional  choices. 
These  considerations  indicate  that  for  MISFET 
gate  applications  an  optimized  Si02  film  still  pro¬ 
vides  the  best  option  for  control  and  reliability.  For 
capacitor  dielectrics  the  defect  structure  of  the  in¬ 
terface  is  of  lesser  importance.  The  prime  require¬ 
ments  are  high  dielectric  constant  and  low  leakage, 
i.e.  sufficiently  large  band  gap.  Since  these  two 
features  generally  do  not  go  together,  one  will  have 
to  compromise  on  band  gap.  This  compromise 
turns  out  to  be  unproblematic,  since  a  high  dielec¬ 
tric  constant  allows  the  use  of  reduced  fields  in  the 
insulator.  It  turns  out  that  oxides  present  a  favor¬ 
able  compromise  [36].  It  should  be  pointed  out 
that  in  using  polycrystalline  materials  conduction 
along  grain  boundaries  may  present  a  problem  and 
will  require  special  attention.  However,  in  contrast 
to  the  application  for  the  gate  system  the  use  of 
alternative  dielectrics  for  capacitors  appears  feas¬ 
ible  and  worth  further  consideration. 


8.  Alternative  dielectrics  for  capacitors 

Notwithstanding  the  use  of  trenches,  stacked 
layers  and  structured  surfaces  Mbit  DRAMs 
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constitute  the  end  of  the  road  for  Si02  capacitor 
dielectrics.  Locally  reduced  oxidation  rates  at  con¬ 
cave  and  convex  surfaces  cause  defects  and  reduced 
breakdown  fields  and  thus  constitute  a  reliability 
problem.  CVD  will  alleviate  this  problem.  One 
approach  is  the  use  of  the  so-called  ONO  (ox¬ 
ide-nitride-oxide)  system,  where  a  CVD  Si3N4  film 
is  deposited  on  a  thin  thermally  grown  Si02  film 
and  finally  covered  by  a  thin  Si02  layer  obtained 
by  thermal  oxidation  of  the  nitride  [37].  Electron 
capture  in  the  nitride  will  automatically  reduce  the 
injecting  field  and  counteract  current  leakage 
through  weak  spots  in  the  Si02  barrier.  Although 
the  dielectric  constant  of  Si3N4  has  nearly  twice  the 
value  of  that  of  Si02  (7  versus  3.9)  the  gain  in 
storage  capacity  for  such  sandwich  structures  is 
rather  modest  because  of  the  effect  of  the  Si02  films. 

As  expected,  more  benefit  of  a  Si3N4  dielectric  is 
derived  by  controlling  the  thickness  of  the  native 
oxide  to  very  small  values  in  a  HF  vapor  phase 
cleaning  step  before  depositing  the  nitride  and  by 
avoiding  oxidation  of  the  nitride.  In  this  case  an 
equivalent  Si02  thickness  of  4  nm,  with  acceptable 
levels  of  a  leakage  current  and  large  time  to  break¬ 
down,  have  been  claimed,  making  this  approach 
suitable  for  the  64  Mbit  DRAM  technology  [38]. 
Apparently,  the  effect  of  the  lower  nitride  band  gap 
compared  to  that  of  Si02  (5. 1  versus  8.9  eV)  is  offset 
by  the  larger  dielectric  constant. 

For  64  Mbit  DRAMs  and  beyond  three  dielec¬ 
trics  with  considerably  larger  dielectric  constants 
have  been  proposed:  Y2O3,  Ti02  and  Ta205.  The 
first  two  oxides  are  used  in  polycrystalline  form  and 
are  combined  with  a  thin  Si02  film,  which  reduces 
the  effect  of  the  larger  dielectric  constant. 

The  Y2O3  films  were  prepared  by  thermal  oxida¬ 
tion  in  O2  of  sputtered  Y.  Since  Y  has  a  very  high 
affinity  to  oxygen  its  oxide  is  very  stable.  Combined 
with  a  4  nm  Si02  film  thermally  grown  on  the 
substrate  a  dielectric  constant  was  deduced  of  ap¬ 
proximately  20,  without  Si02  film  of  approxim¬ 
ately  12.  In  both  cases  a  very  low  leakage  current 
and  a  breakdown  strength  of  about  4  MV  cm 
were  measured  for  the  Y2O3  [39,  40]. 

The  data  on  Ti02  [41,42]  were  obtained  on 
reactively  sputtered  films.  Heating  after  deposition 
to  above  700  °C  produces  the  rutile  phase  with 
a  dielectric  constant  above  100.  At  the  same  time 


the  morphology  of  the  films  is  roughened.  This 
annealing  process,  particularly  when  carried  out  in 
Ar/02,  strongly  lowers  the  conductivity  of  the 
Ti02,  reducing  the  leakage  current  below  that  for 
equivalent  thickness  Si02  films.  Charge  transport 
and  breakdown  appear  to  be  determined  by  the 
grain  boundaries. 

The  third  dielectric,  Ta205 ,  has  been  rather  thor¬ 
oughly  studied  [36]  because  of  its  extensive  use  in 
classical  capacitor  technology.  A  dielectric  constant 
in  the  range  of  20-50  has  been  reported,  depending 
on  the  method  of  preparation.  The  optical  band 
gap  is  only  4.2  eV,  which  suggests  that  conduction 
through  the  films  will  be  bulk  limited. 

First  studies  on  Ta205  for  DRAM  capacitor 
application  were  performed  on  material  obtained 
by  thermal  oxidation  of  Ta  films.  The  lowest  con¬ 
ductivity  was  measured  on  films  prepared  from 
amorphous  metal  layers,  keeping  the  oxidation 
temperature  below  600  ''C,  which  is  the  crystalliza¬ 
tion  temperature  of  the  oxide.  The  leakage  currents 
obtained  in  these  films  appear  to  meet  the  require¬ 
ments  for  storage  application  [43]. 

In  recent  years  impressive  improvements  were 
obtained  using  low  pressure  CVD  (from 
Ta(OC2H5)5  and  O2)  at  relatively  low  temper¬ 
atures  (450 ‘^C),  followed  by  an  anneal  in  O2  at 
800 ""C  [44-46].  Important  features  of  the  overall 
preparation  process  are  the  nitridation  of  the  Si 
substrate  in  NH3,  producing  approximately  1.5  nm 
of  Si3N4,  and  the  deposition  of  a  TiN  top  electrode 
by  sputtering.  The  nitride  films  prevent  interaction 
of  the  Ta205  with  the  silicon.  This  approach  allows 
production  of  capacitors  of  2.5  nm  equivalent  Si02 
thickness,  suitable  for  256  Mbit  DRAMs.  Substi¬ 
tuting  the  nitrided  Si  bottom  electrode  by  the 
refractory  metal  W  makes  it  possible  to  reduce  the 
equivalent  Si02  thickness  of  the  dielectric  to 
1.6  nm,  required  for  1  Gbit  memories.  A  leakage 
current  of  10”^  Acm"^  for  a  1.5  V  supply  voltage 
could  be  realized  [47].  The  Ta205  capacitor  tech¬ 
nology,  which  is  the  only  one  which  has  been 
studied  at  realistic  geometries,  is  certainly  the  most 
promising  of  those  discussed  in  this  section.  This 
capacitor  technology  for  256  Mbit  and  1  Gbit 
DRAMs  includes  the  use  of  structured  surfaces,  so 
that  here  the  limits  of  the  Ta205  technology  have 
been  reached. 
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9.  Ferroelectrics 

Because  of  these  limits,  at  the  end  of  the  eighties 
the  search  for  materials  with  a  very  high  dielectric 
constant  was  started.  Such  high  dielectric  constants 
are  known  to  occur  in  ferroelectrics.  Well-known 
representatives  of  this  group  of  materials  are 
PbZr^^Tii  _^03  (PZT).  Ba^^Sri  -JiOs  (BST), 
Bi4Ti30i2  and  BaMgF4.  In  addition,  these  mater¬ 
ials  exhibit  a  spontaneous  polarization  which  can 
be  reversed  by  application  of  a  sufficiently  large 
electric  field.  When  switching  the  material  back  and 
forth  between  these  two  polarizations  by  changing 
the  direction  of  the  field  the  polarization  shows 
hysteresis.  The  difference  between  the  polarization 
at  maximum  applied  field  and  the  remanent  polar¬ 
ization  at  zero  applied  field  represents  a  charge 
storage  capacitance  per  unit  area.  This  capacitance 
corresponds  to  an  equivalent  dielectric  constant, 
with  values  in  the  range  of  100-1000. 

Ferroelectric  films  are  poly  crystalline.  Their 
properties  depend  strongly  on  details  of  the  prep¬ 
aration  procedure,  characteristics  of  the  electrodes 
and  film  thickness.  Most  materials  are  deposited  by 
sputtering  or  by  spin  coating  the  substrate  with 
a  solution  of  organometallic  compounds  followed 
by  a  heat  treatment. 

Most  attention  for  DRAM  application  was  given 
to  the  high  dielectric  constant  material 
Ba^Sri_^Ti03  (BST)  with  x  =  0.5-0.75  [48-50], 
using  Pt  electrodes,  sometimes  provided  with  a  Ta 
or  a  TiN  barrier  to  prevent  diffusion  of  Si  into  the 
ferroelectric,  which  lowers  its  dielectric  constant, 
possibly  by  formation  of  Si02.  BST  exhibits  a  neg¬ 
ligible  frequency  dependence  of  the  dielectric  con¬ 
stant.  As  an  example  of  the  type  of  results  which 
have  been  obtained,  for  a  film  with  x  =  0.75  an 
equivalent  Si02  thickness  as  low  as  0.47  nm  with 
a  dielectric  constant  of  250  and  a  leakage  current 
less  than  1  x  10”^  A  cm”  ^  for  a  supply  voltage  of 
2.5  V  has  been  realized  [50].  The  studies  so  far  were 
aimed  at  256  Mbit  DRAMs,  where  the  required 
storage  capacity  can  be  obtained  using  a  planar  cell 
structure.  For  Gbit  memories  structured  surfaces 
will  be  necessary  and  thus  the  development  of  ap¬ 
propriate  CVD  methods. 

Given  the  possibility  to  electrically  switch  the 
remanent  polarization  of  ferroelectric  films,  their 


use  in  non-volatile  memory  devices  offers  itself  im¬ 
mediately.  The  simplest  application  is  that  in 
capacitor  structures  in  a  ferroelectric  RAM  (FE- 
RAM)  technology,  which  is  under  active  study 
[51]. 

These  memories  combine  non-volatility  with  fast 
read  and  write  characteristics,  a  very  large  number 
of  write  cycles,  high  device  density  and  low  operat¬ 
ing  voltage.  Using  a  ferroelectric  film  as  the  gate 
insulator  of  a  MOSFET  would  produce  a  single 
device  non-volatile  memory  cell  (FEFET-device). 
However,  this  would  require  us  to  solve  the  prob¬ 
lem  of  the  interaction  of  the  ferroelectric  with  the 
silicon  substrate. 

Finally,  the  use  of  ferroelectrics  may  also  allow 
us  to  make  memories  available  to  other  semicon¬ 
ductor  technologies.  In  a  recent  study  the  incorpo¬ 
ration  of  FERAMs  in  the  GaAs  junction  FET 
technology  was  explored  [52]. 

10.  Conclusions 

In  the  mid-nineties  the  role  of  dielectrics  in 
microelectronics  is  as  important  as  ever,  so  that 
continued  research  towards  understanding  and 
control  of  these  materials  remains  essential  for  the 
progress  of  the  field.  Our  review  leads  to  the  follow¬ 
ing  conclusions. 

(1)  Si02  is  keeping  its  place  as  a  gate  insulator 
because  of  its  excellent  characteristics  also  for 
thicknesses  well  below  10  nm. 

(2)  Essential  for  the  position  of  Si02  is  the  con¬ 
trol  realized  in  surface  preparation,  the  avoidance 
of  contaminants  and  the  use  of  low  level  doping 
with  N  and  F. 

(3)  Because  the  requirements  of  a  minimum 
amount  of  stored  charge  cannot  be  satisfied  with 
Si02,  notwithstanding  the  use  of  three-dimensional 
structures,  the  use  of  higher  dielectric  constant  ma¬ 
terials  like  Ta205  is  unavoidable  in  the  Mbit 
DRAM  capacitor  technology. 

(4)  For  Gbit  DRAMs  ferroelectric  high  dielectric 
constant  capacitor  insulators  offer  further  possibili¬ 
ties  to  extend  the  technology.  Deposition  on  struc¬ 
tured  surfaces  and  charge  leakage  will  have  to  be 
studied.  The  use  of  ferroelectrics  as  gate  materials 
in  non-volatile  FETs  presents  technological 
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problems.  Non-volatile  FERAM  devices  look  like 
a  better  option. 

(5)  An  insulated  gate  field  effect  technology 
based  on  other  semiconductors  (SiGe,  II-V,  II-VI) 
still  appears  very  difficult.  A  combination  with 
wider  band  gap  materials  (like  GaAlAs  on  GaAs) 
may  present  a  compromise.  Combination  of  FE- 
RAMs  with  GaAs  junction  FET  technology  may 
be  a  further  option. 
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Abstract 

Buried  oxides  in  semiconductors  (so-called  BOX)  demonstrate  a  large  flexibility  of  applications,  not  only  in  the  domain 
of  pure  electronic  circuits,  but  also  in  new  areas  such  as  integrated  optoelectronics,  micromachining  and  sensors.  This  is 
mainly  due  to  the  variety  of  dielectric  properties  that  can  play  electrical  as  well  as  mechanical  roles  and  can  act  as  a  buffer 
layer.  Compound  structures  containing  a  buried  insulator  or  buried  oxide  are  most  of  the  time  identified  as  siiicon-on- 
insulator  (SOI),  or  more  generally  semiconductor-on-insulator  instead  of  BOX.  This  paper  briefly  covers  the  roots  of  the 
concepts,  and  classifies  and  depicts  the  techniques  used  to  investigate  SOI  as  well  as  their  main  applications  over  the  past 
60  years. 


1.  Introduction 

Semiconductor  on  insulator  is  conceptually  the 
most  natural  way  to  make  field-effect  controlled 
transistors.  It  is  interesting  to  note  that  the  early 
pioneering  works  of  field-eflfect  transistors  actually 
concerned  semiconductor-on-insulator  thin  films 
[1,2].  These  patents  described  the  control  of  the 
value  of  a  thin-film  resistor  through  a  spacer  insula¬ 
tor  which  at  the  moment  was  proposed  to  be  mica. 
Heil  [2]  in  the  UK  (1935)  proposed  that  the  con¬ 
ductivity  of  a  thin  ‘gap  semiconductor’  could  be 
modulated  by  an  external  field  and  Shockley  dem¬ 
onstrated  the  device  by  using  silicon  and  quartz  in 
1948  [3].  Since  the  1960s,  everyday  life  is  now 
affected  by  bulk  silicon.  However,  the  use  of  silicon- 
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on-insulator  progressed  during  the  last  30  years, 
new  techniques  emerged  and  gave  birth  to  indus¬ 
trial  thin  films  actually  used  in  specific  applications, 
such  as  satellites. 


2.  Why  si!icon-on-insulator? 

The  motivations  for  semiconductors  on  insula¬ 
tors  have  evolved  since  the  1930s  and  will 
continue  to  evolve.  Interest  in  silicon-on-insulator 
mostly  comes  from  the  ability  to  isolate  electrically 
transistors  from  one  another,  as  well  as  the 
selectivity  of  etching  between  the  silicon  and  the 
silicon  dioxide.  A  last  interest  comes  from  the  ease 
of  bonding  silicon  or  silicon  oxide  surfaces  by 
use  of  Si-H  and  Si-OH  bond  condensation.  These 
new  advantages  can  be  of  great  interest  and 
importance  for  micro-machine  and  sensor  techno- 
logy. 
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2.L  Full  isolation 

Radiation  resistance  was  historically  the  main  ad¬ 
vantage.  Radiation  encountered  in  space  consist 
mainly  of  isolated  cosmic  rays  that  are  ions  or 
protons,  or  in  electrons  trapped  in  Van  Allen  Belts. 
Ground  level  radiations  are  basically  the  product 
of  fusion  or  fission  nuclear  reactions  (weapons  and 
reactors),  and  consist  of  gamma  rays  and  neutrons. 
Any  of  these  particles  causes  ionization,  which  cre¬ 
ates  electron-hole  pairs  in  and  around  junction 
areas.  These  carriers  are  swept  by  potential  gradi¬ 
ents  caused  by  applied  voltages  or  doping  gradients 
or  diffuse  towards  PN  junctions.  As  a  result,  the 
collected  photocunmis  can  cause  upsets  in  circuit 
nodes.  These  effects  are  proportional  to  junction 
areas.  Another  harmful  effect  comes  from  the  mi¬ 
nority  carrier  leakage  paths  that  can  flow  between 
adjacent  transistors  and  temporarily  link  them.  In 
the  early  1960s,  the  complementary  metal-oxide- 
semiconductor  (CMOS)  was  reliably  processed  and 
improvements  in  transistor  density  caused  transis¬ 
tor  interactions  to  increase.  These  leakage  paths 
tied  parasitic  bipolar  transistors  of  two  types  (NPN 
and  PNP)  and  caused  the  latch  phenomenon.  The 
effect  is  mostly  encountered  when  the  radiation  flux 
is  delivered  in  short  or  very  short  times,  i.e.,  from 
the  high-energy  photons  caused  by  nuclear 
weapons  (10  ns  to  10  ms),  or  when  the  device  is 
stuck  by  cosmic  rays,  a  frequent  scenario  on  satel¬ 
lites  (the  electric  shock  duration  is  shorter  that  the 
picosecond). 

By  using  silicon-on-insulator,  most  of  the  PN 
junctions  were  converted  into  dielectric  isolation 
and  bulk  leakage  paths  were  automatically  avoided. 
Moreover,  lateral  etching  of  the  surrounding  sili¬ 
con  outside  the  transistors  allows  the  full  isolation 
and  cuts  off  surface  leakage  paths.  Therefore,  a  sub¬ 
stantial  gain  is  obtained  since  transistors  can  be 
made  simpler  and  closer  to  each  other  and,  most  of 
all,  any  latch  between  transistors  is  inherently  pre¬ 
vented.  This  specific  radiation  resistance  is  called 
radiation  ‘hardness’  and  the  action  of  converting 
a  given  structure  and  process  into  such  improved 
devices  is  called  ‘hardening’.  Fig.  1  illustrates  the 
basic  ability  of  any  transistor  structure  being  con¬ 
verted  into  silicon  on  insulator  [4].  Again,  the 
silicon-on-insulator  structure  takes  advantage  of 


smaller  active  volumes  and  smaller  areas  exposed 
to  the  incoming  fluxes,  as  suggested  by  Fig.  2.  It 
can  be  shown  [4]  that  improvements  resulting  from 
the  SOI  structures  are: 

assurance  from  transistor  and  circuit  latch-up; 
reduction  of  the  leakage  photocurrents  by  two  or 
three  orders  of  magnitudes; 

reduction  of  the  transistors  cross  sections  by  one 
or  two  orders  of  magnitudes  against  a  given  par¬ 
ticle  flux. 


2.7.7.  High-temperature  performan ce 

Another  advantage  of  full  isolation  and  reduc¬ 
tion  of  junction  area  is  clearly  seen  in  the  field  of 
high  temperature:  automotive  under-the-hood  or 
anti-lock  braking  systems,  deep  earth  drilling  and 
dwells  logging,  geothermal  reservoirs,  aircraft  or 
spacecraft  equipment  require  functioning  at  250  °C. 
In  thin  film  Si,  source-drain  junction  areas  are 
much  smaller  than  those  in  Si  MOSFETS.  In  addi¬ 
tion,  the  total  volume  of  Si  in  SOI  devices  is  also 
very  small.  These  two  considerations  show  that  the 
diffusion  current  can  be  reduced  by  orders  of  mag¬ 
nitudes  and  therefore  also  the  leakage  current 
across  the  junction,  especially  at  high  temperature, 
as  it  was  first  pointed  out  in  Ref.  [5].  This  was 
clearly  demonstrated  in  1989  [6]  when  a  16-kbit 
memory  (SRAM)  withstood  temperatures  of 
300  °C,  with  leakage  current  2  or  3  orders  of  magni¬ 
tudes  lower  than  the  bulk  silicon  CMOS  counter¬ 
part.  High-temperature  testing  up  to  400  °C  was 
successfully  performed  [7]  and  even  to  425  ""C  with 
ultrathin  silicon  thickness  of  23.5  nm  [8].  These 
two  references  show  correct  transfer  characteristics 
up  to  400  °C  and  fully  operable  characteristics  for 
circuits  up  to  250  °C,  whereas  standard  bulk  devi¬ 
ces  fail  above  150  °C.  Such  experiments  suggested 
that  limitations  in  the  range  300-400  °C  would  not 
come  from  the  silicon  but  from  the  aluminum. 
Other  well-established  metallization  techniques 
such  as  tungsten  would  have  to  be  implemented  in 
the  CMOS  process.  Thus,  it  is  clearly  advantageous 
to  use  well  matured  and  up-to-date  silicon-on-insu- 
lator  technologies  in  these  domain  of  temperatures, 
instead  of  costly  and  not  assured  SiC  or  C  tech¬ 
nologies. 
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Fig.  1.  Examples  of  silicon-on-insulator  structures  made  on  thin  buried  oxide. 


2.2.  Dielectric  advantages 

Advantage  of  isolation  by  lateral  and  buried  ox¬ 
ide  results  not  only  from  preventing  cross-coupling 
of  transistors  by  leakage  currents,  but  also  in  reduc¬ 
ing  cross-coupling  by  capacitances.  When  replacing 
the  junction  isolation  of  transistors  by  buried  or 
lateral  silicon  dioxide,  parasitic  capacitances  de¬ 
crease  junction  firstly  because  of  favorable  dielec¬ 
tric  constant  ratio  fei  =  1  ^ 

operating  speed  is  expected  to  increase  by  a  ratio 
depending  on  transistor  size  and  circuit  layout.  In 
the  1980s,  this  enhancement  factor  has  been  as¬ 
serted  to  ranging  from  30%  to  50%  for  transistors 
of  gate  length  of  1-2  pm  [9,  p,  196;  10-12].  For 
0.5  pm  transistors,  the  increase  of  speed  has  been 
measured  to  be  a  factor  of  two,  and  this  factor  is 
thought  to  increase  even  for  deeper  submicronic 
technology  and  low  power  supplies  of  2.5,  1.5  V 
and  below  [13]. 


Other  advantages  of  dielectric  insulation  result 
from  the  reduced  losses  in  the  microwave  frequency 
domain.  In  silicon  technologies,  dielectric  losses  in 
isolation  junctions  are  one  of  the  reasons  that  re¬ 
duce  silicon  integrated  microwave  circuits  above 
a  few  hundred  Megahertz.  For  the  same  reasons, 
surface  inductors  or  transmission  lines  are  pre¬ 
cluded  in  silicon  wafers,  as  opposite  to  gallium 
arsenide  substrate  were  such  losses  do  not  exist. 
SOI  can  be  a  way  to  overcome  this  drawback,  and 
in  the  1970s,  Gigahertz  applications  were  demon¬ 
strated  in  silicon-on-sapphire  (SOS)  technologies, 
and  in  the  late  1980s  in  silicon-on-silicon  dioxide 
(6.2  GHz  prescaler)  with  50%  improvement  over 
the  silicon  counterpart  [14].  In  the  1990s, 
MOS/SOI  transistors  demonstrated  power  gain  of 
9dB  at  10  GHz  and  initiated  the  possibility  to 
integrate  CMOS  digital  command  of  microwave 
transistors  operating  in  the  L  and  X  bands  [15]. 
This  technique  used  special  high  resistivity  silicon 
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COSMIC  RAY  FLUX 

N-Well  Cross-Section 


Fig.  2.  SOI  technologies  assets:  smaller  ionizing  track  and 
smaller  cross-section  against  the  cosmic  ions  flux. 


substrate  of  4  x  10"’’  Qcm  obtained  by  multiple-re- 
fining  float-zone  (FZ)  to  minimize  silicon  losses. 
Applications  are  clearly  seen  at  least  for  cellular 
low-cost  telephone  networks. 


2.5.  Scaling  down  and  consequences 

Beyond  this  state  of  the  art,  perspective  in  term  of 
buried  oxides  may  take  into  account  the  general 
trends  in  silicon  technology.  As  lateral  scaling  con¬ 
tinues  in  VLSI,  vertical  dimensions  should  be  re¬ 
duced,  thus  demanding  source  and  drain  junction 
depths  less  than  0.1  pm.  Thanks  to  the  buried  oxide 


underlayer,  thin  silicon-on-insulator  devices  do 
not  have  such  vertical  junctions,  and  hence,  do  not 
pose  such  problems.  This  advantage  and  its  conse¬ 
quences  can  be  described  as  follows. 

2.5.7.  Junction  barriers 

Although  supply  voltage  scales  down,  two  non- 
scaleable  parameters  constitute  obstacles.  These 
are  the  non-scaleable  threshold  voltage  and  the 
increase  of  junction  capacitance  as  the  reverse  bias 
voltage  drops  (the  latter  causing  loss  in  speed  im¬ 
provements).  Large  improvements  come  from  BOX 
isolation  and  very  thin  SOI  layers:  (1)  the  sharp 
potential  barriers  of  the  Si/insulator  band  discon¬ 
tinuity;  and  (2)  the  low  dielectric  constant  of  Si02 
compared  to  Si,  giving  much  less  parasitic 
capacitance  at  equal  oxide  or  junction  depleted 
thicknesses.  The  basic  device  parameters  and  speed 
are  less  sensitive  to  the  reduction  of  the  supply 
voltage  as  compared  to  bulk  CMOS  [16]. 

2.5.2.  Silicon  electric  breakdown 

The  linewidth  scaling  down  goes  faster  than  the 
voltage  scaling  down.  Therefore,  the  electric  fields 
in  the  semiconductor  increases.  Silicon  voltage 
breakdown  or  other  phenomena  associated  with 
carrier  multiplication  must  be  avoided  by  careful 
electric  field  control  and  doping  profile  design. 
Some  analyses  prove  that  very  thin  films  on  insula¬ 
tors  are  superior  in  this  field-and-doping  optimiza¬ 
tion,  by  exploiting  the  deep  depletion  mode,  unique 
feature  of  silicon-on-insulator  technology.  Anyway, 
an  increase  in  the  electric  field  displaces  the  distri¬ 
bution  of  electron  and  hole  kinetic  energies  in  the 
very  hot  electron  region  of  the  electron  volt,  thus 
increasing  the  proportion  of  electrons  able  to  cross 
the  insulator  barrier.  Refs.  [17]  and  [18]  reported 
the  ability  of  certain  kinds  of  BOX  to  trap  injected 
electrons  from  silicon  to  oxide.  However,  a  substra¬ 
te  electric  field  of  1  MV  cm"  ^  has  been  used  for  that 
purpose,  far  exceeding  the  actual  fields  that  never 
exceed  100  kVcm“^  in  the  BOX  for  the  moment. 
That  is  why  no  specific  reliability  issues  have  been 
recognized  in  SIMOX  technology  for  the  moment 
[4,19].  But  in  the  near  future,  technologies  of 
0.2  pm  and  below  will  appear  and  hot  electron 
energy  will  reach  1-1.5  eV  [20],  thus  gaining  more 
probability  to  be  injected  into  the  BOX  and  be 
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trapped.  This  is  another  strong  reason  to  measure 
and  control  the  electron  trap  density  in  advanced 
SOI  technology. 

2.3.3.  Junction  reliability 

As  junctions  become  steeper,  electromigration 
and  stress  migration  become  more  stringent  [21]. 
In  this  respect,  very  thin  silicon  on  insulator  mini¬ 
mizes  junction  area,  which  become  perimetral 
instead  of  surfacic.  It  has  been  noted  that  elec¬ 
tromigration  in  this  special  case  pile  up  to  the 
underlying  insulator  and  produce  no  device  conse¬ 
quence  as  drain-channel  short  circuit  [9].  This  is 
also  a  cause  of  interest  for  very  thin  SOI  devices. 
The  maximum  required  thickness  is  of  the  order  of 
100-200  nm  in  this  case. 

2.3.4.  Doping  fluctuations 

Another  very  serious  problem  in  giga-scale  integ¬ 
ration  of  transistors  with  0.1  pm  or  smaller  sizes  is 
the  fluctuation  of  impurity  atoms  in  PN-junctions 
[21].  This  number  falls  in  the  range  of  10^-10^, 
thus  causing  fluctuations  in  the  electrical  character¬ 
istics.  Therefore,  the  threshold  voltage  fluctuates 
and  circuit  failure  could  arise  from  leakage  current 
coming  from  the  wide  statistics  due  to  the  enor¬ 
mous  number  of  transistors.  In  this  respect,  basic 
equations  relating  the  threshold  voltage  to  doping 
and  silicon  and  oxides  thicknesses  show  that  in 
very  thin  films  of  silicon  on  insulator,  the  threshold 
voltage  is  not  defined  by  film  junction  but  the 
doping  ratios  of  the  source  and  the  gate.  In  this 
type  of  unique  SOI  structure,  this  specific  cause  of 
threshold  voltage  fluctuation  due  to  channel  dop¬ 
ing  vanishes.  For  this  application,  silicon  thick¬ 
nesses  of  less  than  50  nm  are  required  and  there  is 
a  close  relationship  between  the  method  of  syn¬ 
thesizing  the  silicon  film  and  the  buried  insulator. 
To  date,  only  the  separation  by  implantation  of 
oxygen  technique  (SIMOX,  see  below)  process  can 
provide  surface  roughness  uniformity  although  the 
bond  and  etch-back  (BESOI)  is  making  rapid  pro¬ 
gress. 

2.4.  Buried  optics 

Integration  of  optical  and  electronic  components 
including  signal  treatment  for  integrated  optoelec¬ 


tronics  requires  optical  waveguiding.  In  this  matter, 
the  high  refractive  index  contrast  between  Si 
(n  =  3.5)  and  Si02  {n  =  1.5)  can  be  fully  exploited. 
The  most  simple  structure  consisting  of  guided 
wave  in  silicon  (photon  energy  below  band  gap) 
and  SOI  structure  is  well  suited,  the  BOX  acting  as 
a  spacer  plane  between  the  active  silicon  guide  and 
the  mechanical  silicon  substrate.  A  minimum  thick¬ 
ness  of  the  BOX  oxide  (2/2  to  2/3)  is  required  to 
minimize  losses  due  to  evanescent  coupling  of  light 
though  the  oxide  into  the  silicon  substrate.  The 
minimum  thickness  of  the  silicon  waveguide  is  deter¬ 
mined  by  the  coupling  conditions  at  the  exit  plane 
of  the  guide  [22],  and  is  of  the  order  of  2.  Variant 
structures  have  been  discussed  in  Ref.  [23]  along 
with  the  possibility  of  electro-optic  light  modulator 
based  on  the  Mach-Zehnder  principle  and  using 
the  dependence  of  the  silicon  refractive  index  on  the 
electron  carrier  density.  This  carrier  density  is  in 
turn  determined  by  the  current  flowing  in  the  PN 
junction.  Another  optical  modulator  based  on 
a  Fabry-Perot  resonant  cavity  has  been  described 
[24]  and  also  uses  a  diode  phase  modulator  placed 
inside  the  cavity.  For  this  application,  the  Si/Si02 
buried  interface  acts  as  a  cavity  mirror  and  the 
BOX  thickness  is  chosen  equal  to  0.2  pm  to  opti¬ 
mize  the  reflectance  at  2  =  1.3  pm. 

Optical  waveguiding  at  a  wavelength  of 
2  =  1.3  pm  has  been  observed  in  SOI  wafers 
(SIMOX).  Applications  concern  technology  com¬ 
patible  with  electronic  device  processing  and  aims 
at  targets  such  as  silicon-based  optoelectronic  in¬ 
tegration  or  wide  bandwidth  on-chip  optical  net¬ 
work  by  imitation  of  GaAs/GaAlAs  or 
InGaAsP/InP.  Applications  for  Si02/Si  take  ad¬ 
vantage  of  the  excellent  interface  uniformity,  and 
the  natural  oxide  thicknesses  of  0.4  pm  provide 
single  mode  waveguiding  propagation  at 
2  =  1.3  pm.  Under  these  conditions,  the  first  mode 
attenuation  was  4.67dbcm“\  making  this  struc¬ 
ture  attractive  for  further  applications  [25]. 

2.5.  Micromachining 

Since  the  beginning  of  the  1990s,  the  field  of 
micromachining  is  in  full  expansion.  This  field  is 
based  on  the  application  of  microelectronic  etching 
and  epitaxy  techniques  to  mechanical  or  mixed 
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mechanical/electrical  microstructures.  Applications 
concern  actuators  and  sensors  (mostly  motors  and 
accelerometers,  although  pressure  gauges,  pumps, 
magnetometers,  chemical  sensors  are  also  con¬ 
sidered  [26] ).  The  dual  aspect  of  buried  oxides  and 
silicon-on-insulator  layers  can  be  efficiently  ex¬ 
ploited  due  to: 

the  high  etching  selectivity  between  silicon  and 
silicon  dioxide  (e.g.,  500:  1  for  SIMOX  in  KOH) 

the  monocrystalline  structure  of  most  of  the  SOI 
layers,  allowing  specific  electric  properties  com¬ 
pared  to  polycrystalline  silicon,  and  specific  etching 
profiles  (especially  in  wet  etching). 


3.  The  semiconductor-on-insuiator  family 

The  silicon-on-insulator,  or  more  generally  the 
semiconductor-on-insulator  family  can  be  de¬ 
scribed  by  the  way  the  synthesis  occurs.  A  classi¬ 
fication  can  be  proposed  as  follows. 

3.1.  Silicon  deposition  on  an  insulator  (e.g.,  TFT  or 
ELO) 

This  is  the  most  natural.  Silicon  can  be  deposited 
on  top  of  a  pre-existing  insulator.  In  the  1940s,  the 
first  evidence  of  field  eflfect  was  produced  by  Shock- 
ley  and  Pearson  [3]  in  1948.  Evaporated  Ge  (P- 
type)  or  Si  (N)  or  CU2O  of  thickness  in  the  range 
20-50  pm  was  modulated  by  a  metal  plate  under¬ 
neath.  An  insulated  plate  of  fused  quartz  (70  pm) 
was  used  both  as  mechanical  holder,  substrate  for 
deposition  and  gate  insulator.  Conductivity  modu¬ 
lation  was  ‘as  high’  as  11%  and  at  its  best  with 
CU2O  and  3  kV  voltage.  Theory  included  the  con¬ 
cept  of  interface  state  density,  which  was  calculated 
to  be  5  X  10^^  cm~^eV“\ 

In  the  1960s,  this  technique  gave  birth  to  the 
hydrogenated  amorphous  silicon  on  glass  with 
buried  gate  on  quartz  or  glass.  In  this  structure 
(thin  film  transistor  or  TFT),  the  gate  is  first  depos¬ 
ited  on  the  substrate  insulator.  Then,  the  gate  insu¬ 
lator  and  finally  the  active  semiconductor  are 
deposited.  The  structure  is  therefore  pictorially  the 
reverse  of  a  normal  transistor.  The  semiconductor 
is  amorphous,  giving  mostly  poor  electrical  perfor¬ 
mance  but  this  technique  allows  large  manufactur¬ 


ing  of  large  areas  at  low  cost  and  is  still  used  for 
large  panels  or  arrays  of  transistors  for  flat  panel 
display,  for  example  [27]. 

The  epitaxial  lateral  overgrowth  (ELO)  was  dis¬ 
covered  in  the  1970s  to  overcome  the  aforemen¬ 
tioned  problems  with  amorphous  semiconductors 
and,  thus,  allow  monocrystal  growth  over  the  insu¬ 
lator.  In  this  monoepitaxial  technique,  silicon  is 
deposited  after  patterning  etched  windows  in  the 
insulator,  and  the  epitaxy  proceeds  both  vertically 
and  laterally  from  the  seeding  windows.  Seeds 
coming  from  the  etched  pits  meet  together  to  form 
continuous  films  [28,9].  However,  limitations  orig¬ 
inate  from  the  seeding  rates  in  the  horizontal  and 
vertical  directions,  which  impose  to  build  films  as 
thick  as  10  pm  to  cover  insulator  films  with  seed 
windows  patterns  as  close  as  20  pm. 

3.2.  Crystalline  silicon  deposition  on  crystalline  bulk 
insulator  (e.g.,  SOS) 

In  the  case  of  oc-quartz,  a  phase  transition  at 
573  °C  prevented  high-temperature  treatments, 
thus  precluding  any  MOS-compatible  process.  For 
this  reason,  silicon  epitaxy  must  be  made  on 
amorphous  Si02  with  polycrystalline  or  amorph¬ 
ous  films  as  a  result. 

In  the  early  1960s,  due  to  progress  in  monocrys¬ 
talline  sapphire,  slicing,  polishing  and  surface 
preparation  (prefiring  in  hydrogen),  crystalline  sili¬ 
con-on-sapphire  (AI2O3)  was  successfully  realized 
at  RCA  Labs  and  reported  in  1964  by  Manasevits 
and  Simpson  [29].  A  variant  was  the  use  of  Spinel 
Al203-Mg0.  The  first  transistor  on  sapphire  re¬ 
sulted  from  the  works  of  Heiman  (1966)  [30]  and 
consisted  in  P-type  MOS  transistors  that  were  con¬ 
nected  in  and  arrays  of  16  transistors.  These  tech¬ 
niques  were  labeled  as  complementary  MOS  on 
sapphire  or  spinel  (CMOS/SOS),  and  this  process 
was  sulficiently  mature  to  allow  the  first  commer¬ 
cial  offer  by  Inselek  Company  in  1971.  A  thorough 
review  showing  both  materials  and  circuits 
accomplishments  can  be  found  in  Ref.  [31].  The 
1970s  marked  the  triumph  of  the  heteroepitaxy 
technique.  Union  Carbide  and  Kyocera  became  the 
main  wafer  suppliers,  thereby,  realizing  SOS  for 
radiation  hardened  circuits.  Advanced  applications 
were  aiming  to  take  advantage  of  low  capacitance, 
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high  voltage,  and  simpler  processes:  the  first  micro¬ 
processor  was  made  by  Toshiba  and  Hewlett 
Packard  proposed  SOS  for  pocket  calculators.  In 
Europe,  works  were  undertaken  for  high-voltage 
applications  and  for  wrist-watch  low  power  cir¬ 
cuits.  The  silicon  quality  remained  the  primary 
issue. 

3.3.  First  and  second  epitaxy  of  dielectric  and 
semiconductor 

Another  principle  is  to  deposit  epitaxially  the 
buried  insulator  on  the  mechanical  monocrystal¬ 
line  silicon  substrate,  then  in  a  second  epitaxy,  add 
the  active  layer.  In  a  review  made  in  the  1980s, 
Golecki  [28]  cites  the  following  materials  on  which 
epitaxial  silicon  films  have  been  grown:  BeO  (1966), 
a-Si02  (quartz),  a-SiC  (1963),  CaF2  (1963),  yttria- 
stabilized  zirconia  YSZ  or  (Y203),„-(Zr02)i 
with  m  ^  0.3  (so-called  silicon-on-zirconia  SOZ, 
1983).  Several  others  attempts  were  also  reported: 
silicon  on  chrysoberyl  (Be0-Al203)  [32],  Th02, 
ZrSiO^,  LaA103  [28],  NaCl  [33]. 

In  case  of  CaF2,  early  attempts  aimed  to  deposit 
monocrystalline  silicon  on  this  insulator,  tried  to 
take  advantage  of  the  little  mismatch  between  the 
two  cubic  crystals.  Interest  has  been  recently  re¬ 
visited  with  the  intent  of  coupling  III-V  and  II-VI 
devices  to  silicon  technology  and  to  build  stacked 
silicon  devices  [34].  Reverse  epitaxy  of  semicon¬ 
ductors  (or  metals)  was  found  to  be  much  more 
difficult  than  epitaxy  of  dielectrics  on  semiconduc¬ 
tors.  This  is  attributed  to  the  large  difference  of 
surface  energies  which  prevents  smooth  layer-by- 
layer  growth.  For  instance,  in  the  case  of 
CaF2/Si(l  1  1),  it  has  been  shown  that  Fermi  level 
was  pinned  at  the  silicon  valence-band  maximum 
[34]  and  that  surface  charge  was  as  high  as 
10^^  cm“^.  This  was  attributed  to  the  reduction  of 
the  Ca^^  interface  ion  to  Ca'^  by  silicon  and  the 
removal  of  a  fluorine  layer. 

3.4.  Superconductor  on  buried  insulator 

It  can  be  noted  that  monocrystalline  YSZ  is  also 
a  material  of  choice  for  deposition  of  superconduct¬ 
ing  monocrystalline  YBaCuO.  Recently,  the  feasi¬ 
bility  of  this  superconductor  on  a  buried  oxide 


structure  has  been  demonstrated  [35].  In  this  con¬ 
figuration,  YSZ  acts  as  a  buffer  layer  and  is  itself 
deposited  over  silicon.  This  kind  of  bolometers 
could  prove  superior  performance  to  HgCdTe 
photodetectors  in  the  2  =10-20  pm  wavelength 
range,  the  most  important  issue  being  not  to  expose 
it  to  very  low  cryogenic  temperatures.  This  tech¬ 
nique  associates  both  wafer  bonding  of  Si3N4  and 
Si,  and  pulsed  laser  ablation  to  deposit  at  775'"C 
successively  70-80  nm  of  YSZ  and  50-70  nm  of 
YBaCuO  on  the  silicon  dice  to  form  50  pm  x  50  pm 
squares. 

3.5.  Deposition  leading  to  amorphous  or  polycrystal¬ 
line  silicon  and  subsequent  recrystallization  (ZMR) 

In  1963,  Maserjian  used  a  scanned  electron  beam 
for  melting  a  small  zone  of  polycrystalline  germa¬ 
nium  crystal  deposited  on  a  supporting  dielectric 
[36].  This  technique  was  revisited  11  years  later 
after,  due  to  the  apparition  of  laser  to  fabricate 
device-quality  silicon  film  area  through  zone 
melting  recrystallization  (ZMR)  [37]. 

Beyond  numerous  demonstrations  of  ZMR  of 
silicon  on  Si02  or  Si3N4  (a  review  can  be  found  in 
[9,  pp.  13-35]  ),  other  demonstrations  have  been 
made,  such  as  silicon-on-diamond  (SOD),  where 
the  buried  oxide  is  replaced  by  polycrystalline 
CVD-deposited  diamond  acting  as  an  insulator.  In 
the  case  described  in  Ref.  [8],  the  deposition  of 
silicon  takes  place  on  a  very  thin  barrier/adhesion 
Si02  layer  of  30  nm,  and  as  a  result  the  silicon  film 
has  to  be  recrystallized  by  ZMR.  Transistors  have 
been  made  with  modest  performance  up  to  now 
due  to  surface  defects  affecting  carrier  transport 
mobility:  roughness,  graphitization  due  to  high 
temperature  melting  process,  etc. 

An  interesting  concept  was  developed  by  Greve 
et  al.  [38]  in  the  domain  of  magnetic  memories,  by 
taking  profit  of  the  possibility  to  fabricate  semicon¬ 
ductor  devices  on  foreign  devices.  Advantages  were 
numerous,  as  access  time  was  limited  by  the  rate  at 
which  bubbles  can  be  moved  past  the  mag¬ 
netoresistive  detector.  Integration  of  MOS  transis¬ 
tors  and  circuits  would  have  increase  sensitivity  by 
comparison  of  off-chip  sensitive  amplifier,  and 
would  have  allowed  parallel  outputs  to  increase 
byte  flux.  NMOS  transistor  was  realized  by 
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recrystallization  of  polysilicon  layer  deposited  on  a 
1  pm  sputtered  Si02  or  plasma  or  LPCVD  Si3N4. 
However,  the  bubble  memory  market  did  not  reveal 
its  promise,  being  disregarded  by  magnetic  disk 
storage.  This  attempt  remained  isolated,  but  well 
illustrated  the  interest  and  flexibility  of  the  SOI 
concept. 

3.6.  Oxygen  introduction  under  the  silicon  surface 
{e.g.,  SIMOX,  FIFOS,  GAA) 

Buried  oxide  can  be  made  by  oxygen  introduction 
underneath  the  surface,  with  condition  of  preserving 
the  crystallinity  in  a  sufficiently  thick  surface  layer. 
The  following  three  methods  have  been  used. 

3.6.1.  Synthesis  of  BOX  by  oxygen  implantation  in 
silicon  (SIM OX) 

This  requires  direct  implantation  of  oxygen  (end 
of  the  1970s  [39])  followed  by  ultra  high  temper¬ 
ature  anneal  (SIMOX,  beginning  of  the  1980s).  The 
top  silicon  and  the  buried  oxide  thicknesses  are 
respectively  determined  by  the  ion  energy  (giving 
the  implantation  peak  and  range  in  silicon),  and  by 
the  oxygen  fluence.  They  can  be  varied  to  some 
extent  [40].  It  was  shown  in  the  late  1970s  that  the 
parameters  giving  the  best  results  require  high 
doses  (1.5-1. 8  x  10^^  ionscm“^)  of  oxygen  ions  im¬ 
planted  at  200  keV  [41].  In  1985,  the  SOI  team  in 
Grenoble  [42]  noticed  that  very  abrupt  interfaces 
and  high  quality  of  silicon  were  determined  by  high 
temperature  treatments  (500-600°C  during  im¬ 
plantation,  and  6  h  post  implantation  anneal  at 
1300°C  in  argon  +  1%  oxygen  ambient)  [43].  In 
the  late  1980s,  other  implant  conditions  were  found 
and  excellent  ultra-thin  BOX  (between  47  and 
90  nm)  and  SOI  layers  were  also  obtained  by  120 
and  80  keV  O^  implants  [40].  Variants  were  pro¬ 
posed  in  order  to  implant  nitrogen  (SIMNI),  or 
even  carbon.  Nitrogen  implants  gained  successes 
and  oscillators  were  made  in  1983  [44]  ;  however 
carbon  implants  encountered  problems  due  to 
graphitization,  apparently  unsolved  up  to  now. 

3.6.2.  Oxidation  of  microchannels  made  by  selective 
anodic  dissolution  of  silicon  (FIFOS) 

Another  interesting  method  was  to  oxidize  selec¬ 
tively  silicon  through  microchannels  or  pipes  which 


have  been  elaborated  by  means  of  anodic  etching 
(invented  1981  [45]).  This  technique  has  been  re¬ 
viewed  in  Ref.  [11]  and  updates  can  be  found  in 
Ref.  [46]. 

3.6.3.  Localized  thermal  buried  oxidation  of  silicon 
(gate  all  around) 

Recently,  other  technique  of  localized  oxidation 
underneath  the  transistor  channel  has  been  de¬ 
scribed  as  the  ‘gate  all  around’  SOI  or  GAA 
[47-49].  Fabrication  is  straightforward  in  prin¬ 
ciple.  SIMOX  substrate  is  used  as  a  starting  mater¬ 
ial  and,  by  means  of  a  single  supplementary  mask, 
the  buried  oxide  is  etched  underneath  a  defined 
silicon  island.  Then  the  silicon  bridge  can  be  ther¬ 
mally  oxidized  and  a  polysilicon  gate  is  deposited 
all  around  the  bridging  channel.  This  method  takes 
advantage  of  the  etching  selectivity  between  the 
silicon  and  the  BOX  and  is  much  easier  than  the 
vertical  surrounding  gate  transistor  (SGT)  which 
has  been  proposed  for  64/256  Mbit  DRAMS  [50]. 
Device  assets  are  the  better  control  of  the  transistor 
giving  higher  transconductance  and  the  absence  of 
contribution  of  the  buried  oxide  back-gate  effects. 
To  date,  N,  P  and  logic  gates  have  been  made  with 
good  radiation  resistance  [51]. 

3.7.  Insulators  bonding  (BE  SO  I) 

This  method  does  not  employ  additive  atomic 
construction  of  new  layers,  but  the  surface  adhesion 
of  two  partner  wafers.  Layers  are  prepared  apart 
and  can  be  as  various  as  Si,  Si02,  Si3N4,  SiC,  etc., 
each  in  its  best  conditions  of  preparation,  and 
brought  together  in  a  second  time.  However,  one  of 
the  two  bonded  slices  must  be  thinned  after  so  as  to 
meet  the  thickness  needed  by  the  SOI  concepts  and 
architecture.  In  the  1980s,  more  and  more  successes 
were  gained  at  bonding  preoxidized  wafers. 

Bonding  occurs  by  construction  of  hydrogen 
bond  at  silanol  group  Si-OH . . .  HO-Si  (weak 
bonding)  or  covalent  siloxane  Si-O-Si  bonds. 
Bonding  was  not  achieved  without  externally  ap¬ 
plied  forces  until  1985  [52].  Surfaces  must  present 
very  small  microroughness  (less  than  10  nm),  must 
be  cleaned  to  avoid  contaminants  (metallic  par¬ 
ticles,  alkali  ions,  etc.)  and  are  generally  prepared 
(hydrophilization  in  NH4OH  -f  H2O2  +  H2O  and 
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rinsing  in  desionized  water,  for  instance  [53]). 
Current  processes  differ  according  to  the  bonding 
temperature,  ambient  and  subsequent  treatments 
[54].  Below  130°C,  fragile  hydrogen  bond  domin¬ 
ates.  The  interface  energy  (and  also  the  adhesion 
force)  is  approximately  insensitive  to  annealing 
temperature  between  200°C  and  800‘'C  for  hy¬ 
drophilic  surfaces,  due  to  the  predominant  silanol 
condensation  allowing  transformation  of  hydrogen 
bonds  into  siloxane  bonds.  This  bond  formation  is 
accompanied  by  elastic  deformation  of  the  wafers 
[54].  For  hydrophobic  surfaces,  bonding  becomes 
efficient  only  beyond  600°C  [55].  Beyond  800°C, 
Si-O-Si  formation  is  supported  by  plastic  flow  of 
the  oxide.  These  properties  allow  a  variety  of  ap¬ 
plications,  especially  in  the  low-temperature  do¬ 
main,  but  most  of  the  problems  come  from  the 
formation  of  voids  or  from  the  incorporation  of 
particles  or  contaminating  adsorbates. 

Sic  on  Si02  on  Si  (3C-SiC)  has  been  obtained 
by  wafer  bonding:  advantages  of  SiC-based  devices 
are  obtained  for  applications  operating  in  high 
temperature,  high  power  conditions  due  to  its  high¬ 
er  band  gap,  higher  avalanche  voltage  and  thermal 
conductivity  over  silicon.  In  Ref.  [56],  SiC  is  epi¬ 
taxially  deposited  on  Si  (4  in)  and  the  SiC  layer  is 
then  oxidized.  Then  the  bonding  and  thinning  take 
place.  Problems  arise  from  the  fact  that  the  SiC  was 
polycrystalline  but  the  SiC/Si02  was  clean  and 
continuous.  However,  SiC  wafers  are  limited  to  2  in 
in  diameter. 

SOI  and  diamond  properties  have  been  investi¬ 
gated  using  wafer  bonding  [57].  The  authors  try  to 
solve  the  problem  of  transistor  self-heating  due  to 
the  poor  conductivity  of  Si02  by  using  deposited 
polycrystalline  diamond,  the  thermal  conductivity 
of  which  is  tenfold  larger.  The  temperature  increase 
measured  with  test  diodes  is  3  to  4  time  less  with 
this  ‘silicon  on  diamond’  structure. 

Gallium  arsenide  has  also  been  bonded  to  silicon 
by  CVD-depositing  a  thin  phosphosilicate  glass 
(PSG)  layer  at  400''C  on  the  surface  of  a  polished 
wafer  [58].  Bonding  occurs  at  300-600  '"C  under  an 
applied  voltage  of  10-30  V  across  the  1-3  pm  oxide 
layer.  Content  of  phosphorous  in  PSG  is  adjusted 
to  match  the  combined  thermal  expansion  of  GaAs 
and  Si.  GaAs  is  then  etched  back.  This  method  aims 
to  circumvent  the  inconvenience  of  the  direct  epi¬ 


taxy  of  GaAs  on  silicon,  which  is  possible  but  leads 
to  strained  interface.  InP  has  also  been  bonded  to 
Si  by  using  a  similar  deposited  Si02  bonding  layer. 
After  etch-back  and  etching  a  stress-relief  grid  in 
InP,  heterostructure  InGaAs/InAlAs  is  deposited 
by  molecular  beam  epitaxy  (MBE)  and  a  standard 
fabrication  of  HEMT  took  place  [59].  Beyond  the 
III-V,  Ge  has  also  been  bonded  to  Si,  and  Si  to 
fused  quartz  using  a  buffer  Si02  layer  [59]. 


4.  Background  and  perspective 

4.1 .  The  1980s  and  the  1990s 

Fig.  3  shows  the  progresses  of  current  technolo¬ 
gies,  with  a  criterion  of  performance  which  is  de¬ 
fined  as  ‘circuit  complexity’.  Other  criteria  do  exist, 
notably  for  sensors  and  actuators,  micromachining, 
radiation  hardness,  temperature  resistance,  and 
three-dimensional  integration.  However,  assess¬ 
ments  in  these  domains  are  not  easy  to  make. 

This  roadmap  clearly  reveals  promises  and  ac¬ 
complishment  of  materials  and  the  evolution 
caused  by  emerging  new  ones  and  progressed.  At 
the  end  of  the  1960s,  SOS  dominated  the  market 
due  to  well-established  positions  settled  in  the  late 
1970s,  but  SIMOX  emerged  due  to  the  excellent 
physical  and  electrical  properties  of  this  material 
and  to  the  availability  of  industrial  implanters  [43]. 

Zone  melting  recrystallization  was  rediscovered 
after  the  historical  Patent  of  1963.  E-beam  as 
a  heating  source  was  replaced  by  a  scanned  laser 
beam  and  advanced  applications  were  aimed  to¬ 
ward  three  dimensions. 

Oxygen  implantation  techniques  met  the  quality 
grade  and  improved  industrial  applications  in  sys¬ 
tems  and,  thus,  found  a  market.  Two  companies 
provided  the  world  niche  market  in  these 
applications.  Early  wafer-bonding  developed  rap¬ 
idly.  These  1980s  are  really  the  cradle  of  silicon  on 
silicon  dioxide  [4]  and  are  the  scene  for  the  full 
debate  between  SIMOX  and  wafer-bonding. 

SIMOX  flourishes  for  advanced  applications,  es¬ 
pecially  in  the  very  thin  silicon  film  domain 
(30-50  nm)  because  of  the  better  material  quality 
and  flexibility.  Material  improved  drastically,  as 
indicated  by  the  thin  silicon  film  defect  density. 
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Fig.  3.  The  main  SOI  technologies  learning  curves  expressed  with  the  number  of  transistor  per  chip  as  an  indicator  of  the  maturity. 


which  improved  at  a  constant  rate  of  one  decade 
per  year  since  1985  (10^  defects  cm  mostly 
threading  dislocations)  to  1992  (10^  defects  cm 
pairs  of  dislocation  half-loops  [60],  narrow  or  pyr¬ 
amid  stacking  faults  pinned  on  residual  precipitates 
[61]).  This  defect ivity  has  become  comparable  to 
bulk  silicon  [16]. 

However,  SOS  with  many  more  defects  and  only 
applications  in  CMOS  radiation-hardened  circuits 
is  still  flourishing  because  of  its  well-established 
niche  markets  such  as  components  for  satellites. 
This  situation  is  consolidated  by  the  high  degree  of 
skill  of  the  production  lines  and  the  full  completion 
with  reliability  standards  requirements. 

Wafer  bonding  is  rapidly  developing,  allowing 
large  diameter  wafers  providing  the  fact  that  the 
thinning  technique  and  the  interface  roughness  can 
be  overcome.  Wafer  supplier  companies  appear  in 
the  market.  In  the  domain  of  micromachining  and 
sensors,  wafer  bonding  offers  the  unique  ability  to 
make  hollow  of  sealed  cavities  [62],  with  or  with¬ 
out  added  diaphragms.  Applications  concern  pres¬ 
sure  transducers,  microvalves,  liquid  shear-stress 


sensors,  resonant  load  cells  and  accelerometers 
[63]. 

4,2.  Perspectives,  applications  and  requirements 

These  unique  versatility  allows  applications  of 
buried  oxides  in  many  innovative  domains: 

mixed-mode  analogue  digital  circuits  based  on 
bipolar,  junction  field-effect  (JFET),  CMOS  tran¬ 
sistors  merged  on  the  same  chip; 

‘smart-power  circuits’,  i.e.,  associating  medium 
voltage  transistors  and  integrated  CMOS  drivers; 

high-temperature  circuits  due  to  the  reduced 
junction  areas  in  SOI  compared  to  junction-iso¬ 
lated  CMOS; 

sensors,  actuators,  micromachining  due  to  the 
ease  of  epitaxy  and  the  etching  selectivity  between 
Si  and  Si02. 

Fig,  4  depicts  the  various  silicon-on-insulator 
materials  by  using  dimensional  classification  in 
terms  of  buried  oxide  and  silicon  film  thicknesses 
(adapted  and  completed  from  Ref.  [64] ).  This  rep¬ 
resentation  precises  the  domains  of  application  of 
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Fig.  4.  Mapping  of  the  SOI  technologies  with  buried  oxide  thicknesses  and  silicon  film  in  the  X  and  Y  axis.  The  mapping  allows  one  to 
clarify  which  structure  is  the  best  suited  for  a  given  application. 


the  various  techniques  (SOS,  SIMOX,  BESOI,  etc.). 
Trends  emerge  which  shows  that  there  is  no  unique 
answer  to  the  question  of  the  future  of  BOX  and 
SOI  [65]. 

5.  Conclusions 

Beyond  the  mainstream  trend  of  microelec- 
tronics  toward  deep  submicron  technologies,  other 
integration  techniques  are  currently  emerging. 
Most  of  them  use  the  buried  insulator  concept, 
either  for  process  simplification,  electrical  insula¬ 
tion  or  as  active  layer  contributing  to  the  transistor 
field-effect.  Leading  categories  include  integrated 
micromachining  and  sensors.  Mixed  optical  devices 
on  silicon  wafers  could  be  attainable.  Generalized 
multilevel  wafer  bonding  might  be  the  successor  of 
the  current  technology  of  the  multi-chip  modules 
(MCM).  Technologies  are  primarily  the  result  of 
the  starting  material.  Buried  insulators  could  open 
the  gateway  of  the  realm  of  the  something-on- 
something. 


The  author  would  thank  Dr  Roderick  A.B. 
Devine  for  his  strong  encouragements  to  write  this 
paper,  and  Dr  William  L.  Warren  for  the  strong 
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Abstract 

In  rapid  thermal  processing  (RTP),  an  accurate  temperature  distribution  adjusting  is  necessary  for  manufacturing  of 
homogeneous  thin  layers  and  junctions.  A  common  practice  is  to  evaluate  RTP  systems  in  this  direction  by  ellipsometric 
measurements  of  oxide  thickness  grown  on  silicon  wafer.  The  oxide  thickness  is  a  function  of  the  temperature  distribution 
during  the  complete  rapid  thermal  oxidation  process  including  heating  and  cooling.  The  goal  of  this  work  is  to  judge  the 
effect  of  the  heating  up  period  on  oxide  growth.  The  influence  of  different  heating  cycles  (different  ramp  rates  and  process 
temperatures)  on  the  oxide  thickness  distribution  is  investigated. 


1.  Introduction 

Rapid  thermal  processes  (RTP)  are  characterized 
by  the  advantage  to  carry  out  high-temperature 
processes  in  the  range  of  some  seconds  up  to  few 
minutes.  This  is  the  basis  for  the  manufacturing  of 
ultra-thin  layers  and  small  structures  used  in  sub¬ 
micron  devices  [1].  For  manufacturing  of  layers 
with  constant  thickness  homogeneous  temper¬ 
atures  across  the  whole  wafer  are  a  fundamental 
prerequisite. 

For  temperature  measurement  and  adjustment, 
thermocouple  wafer  are  normally  used.  This 
method  allows  only  the  temperature  determination 
at  few  points  of  the  wafer.  For  temperature  map¬ 
ping,  ion  implanted  test  wafers  are  annealed  or  bare 
wafers  are  oxidized.  With  modulated  optical  reflec¬ 
tance  and  sheet  resistance  measurements,  respec- 
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tively,  the  modification  of  the  implanted  wafer  is 
determined,  which  corresponds  to  the  annealing 
temperature.  For  oxidized  wafers  the  measured  ox¬ 
ide  thickness  distribution  yields  the  two-dimen¬ 
sional  temperature  profile.  This  method  is  suitable 
for  processing  temperatures  >  900°C  [2]. 

The  calculation  of  the  temperature  from  the  ox¬ 
ide  thickness  is  carried  out  by  using  a  kinetic 
growth  model.  The  initial  oxide  growth  under  dry 
environment,  typical  for  gate  oxide  manufacturing 
with  rapid  thermal  oxidation  (RTO),  has  an  en¬ 
hanced  growth  rate  described  by  different  models 
[3,4].  Recently,  Messaoud  et  al.  [5]  compared  the 
experimental  growth  kinetics  of  ultra-thin  oxide 
films  with  the  parallel  oxidation  model  [3]  for  RTO 
and  found  an  excellent  agreement.  This  parallel 
oxidation  model  was  applied  in  this  work,  too. 
Because  the  oxide  thickness  depends  on  the  tem¬ 
perature-time  behaviour  of  the  complete  oxidation 
process,  especially  during  the  periods  of  maximum 
temperature,  for  short  processes,  the  heating  up 
and  cooling  down  phase  must  be  taken  into 
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account.  In  [2,6,7]  was  shown,  that  temperature 
inhomogeneities  occur  in  scalar  controlled  RTP- 
equipments.  Temperature  overshooting  was  found 
to  occur  near  the  wafer  edge  due  to  steep  ramping 
up. 

The  aim  of  this  work  is  to  investigate  this  effect  in 
RTO,  and  to  determine  consequences  for  temper¬ 
ature  mapping  with  oxidation,  which  are  also  valid 
for  implant  monitoring. 


2.  Experimental  procedure 

The  oxidation  processes  were  carried  out  with 
100  mm-diameter  Czochralski  silicon  wafers  that 
were  phosphorus  doped  (1-50  Q  cm)  with  (100)  sur¬ 
face  orientation.  Prior  to  the  oxidation,  the  wafers 
were  cleaned  using  the  RCA  process  [8]  with  addi¬ 
tional  dip  in  dilute  HF.  The  cleaning  sequence 
consisted  of  solutions  of  H2O-H2O2-NH4OH 
(mixture  of  6:1:1  by  volume,  85°C,  10  min)  and 
H2O-H2O2-HCI  (6: 1 : 1,  85°C,  10  min)  with  5  min 
DI  water  rinse  after  each  process  finally  followed  by 
a  dip  in  1:50  by  volume  HF :  H2O  and  a  DI  water 
rinse  of  12  min  duration.  The  wafers  were  dried  by 
a  N2  gas  flow. 

The  loading  of  the  RTO  reactor  took  place  under 
an  inert  gas  flow  (argon,  21/min).  After  20  s 


the  chamber  was  pumped  out  under  a  reduced 
argon  flow  (10  seem)  for  60s  and  then  under  an 
oxygen  flow  (15  seem)  for  the  same  time.  After  the 
reactor  was  filled  under  oxygen  flow  of  3  1/min,  the 
O2  gas  flow  rate  was  set  to  250  ml/min  for  the 
normal  pressure  oxidation  process.  The  complete 
thermal  cycle  is  illustrated  schematically  in  Fig.  1. 
All  processes  were  started  with  a  60  s  preheating 
period  of  400°C  to  obtain  a  defined  initial  condi¬ 
tion  in  the  chamber  because  of  the  memory  effect 
due  to  slow  cooling  down  of  the  quartz  glass  win¬ 
dow  from  the  previous  process.  With  different  ramp 
rates  (50^^'C/s,  100°C/s  and  200°C/s)  the  wafers 
were  heated  for  oxidation  at  temperatures  of 
1050"C,  1 100"C  and  1150°C  and  times  of  10  s,  30  s 
and  60  s,  respectively.  30  s  after  the  heat  source  was 
switched  off,  the  gas  flow  was  changed  from  oxygen 
to  argon. 

The  used  RTP  system  consists  of  a  cylindrical 
cooled  wall  chamber  with  a  rotation  symmetrical 
lamp  heating  made  of  three  concentric  lamp  rings 
[7].  The  process  temperature  was  monitored  with 
three  thermopiles  with  a  time  responds  of  25  ms 
and  controlled  in  scalar  closed-loop  mode  with 
fixed  relative  lamp  power  setting  (inner  lamp  ring 
100%,  middle  64%  and  peripheric  43%). 

The  oxide  thickness  distribution  was  determined 
with  a  PLASMOS  SD  2300  ellipsometer  (light 


Fig.  1.  Scheme  of  the  entire  thermal  cycle  of  the  RTO  process. 
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wavelength  632.6  nm,  incident  angle  70°,  fixed 
refractive  index  mode  with  n  =  1.465  for  the  ther¬ 
mal  oxide). 


=  4.333  X  10^  exp  - 


and  for  the  linear  rate  constants 


1.6  eV  \  nm 


3.  Oxide  thickness  calculation 


The  oxidation  model  developed  by  Han  and 
Helms  [3]  was  used  for  theoretical  thickness  deter¬ 
mination  of  oxides  produced  by  RTO.  The  model 
based  on  the  assumption  of  two  parallel  non-inter¬ 
acting  processes,  which  respond  to  the  fundamental 
linear-parabolic  law  [9].  The  total  oxidation  rate 
can  be  expressed  as 


dt  2(iox  T  -^1  T  ^2 

where  is  the  oxide  thickness,  t  the  time  and 
A  and  B  growth  constants  for  the  mechanisms 
1  and  2,  respectively.  For  calculation  of  oxide 
growth  on  (100)  silicon  the  expressions  for  the 
parabolic  rate  constants  are 


Bi  =  1.0833  X  10^  exp 


2.2  eV  \  nm 


^2  .000  1^4  /  l-9eV\nm 

-  =  4.333  10‘exp(^-— j-  pd) 

were  applied.  Because  of  the  short  processing  time 
during  RTO,  the  complete  heating  cycle  must  be 
taken  into  account  in  oxide  growth  calculations. 
According  to  recently  published  results  of  Mes- 
saoud  et  al.  [5],  the  initial  oxide  film  thickness  is 
necessary  to  simulate  the  kinetic  growth  in  RTO. 
The  initial  oxide  thickness  measured  before  loading 
the  chamber  was  0.5  nm. 


4.  Results 

The  measured  radial  oxide  thickness  distribu¬ 
tions  in  relative  units,  to  the  average  thickness  in 
the  wafer  centre,  are  shown  in  Fig.  2  for  a  oxidation 
temperature  1150°C.  With  increasing  process  time, 


120  -  Pi'ocesslng  temperature  =  1 150  °C 
heating  up  rate  =  100°C/s 


processing  time  =  10  s 


(O 

110 


processing  time  =  30  s 
_ _ 


100  -■a- 


processing  time  =  60  s^ 


radial  position  (cm) 


Fig.  2.  Radial  relative  oxide  thickness  distribution  for  different  oxidation  times.  Lines  are  drawn  as  guides  for  the  eye. 
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the  relative  oxide  thickness  near  the  wafer  edge 
(mainly  at  ?*  >  3  cm)  is  reduced.  The  corresponding 
temperature  behaviours  in  situ  measured  at  the 
radial  position  r  =  0  cm  and  r  =  4  cm  show  the 
temperature  overshooting  near  the  wafer  edge.  The 


occurring  temperature  difference  is  represented  in 
Fig.  3.  It  is  clearly  seen,  that  the  temperature  over¬ 
shooting  appears  during  heating  up  and  at  the 
beginning  of  the  essential  oxidation  period  (plateau 
region).  Because  the  overshooting  has  relaxed  in 


Fig.  3.  Measured  temperature  difference  between  the  wafer  edge  {r  =  4  cm)  and  the  centre  (/•  =  0  cm)  for  a  oxidation  process  of  30  s  and 
1150"C. 


Fig.  4.  Radial  relative  oxide  thickness  distribution  for  a  oxidation  process  of  1 100°C  with  several  heating  velocities.  Lines  are  drawn  as 
guides  for  the  eye. 
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Fig.  5.  Calculated  oxide  thickness  as  function  of  the  oxidation  time  for  ideal  temperature  behaviour  with  a  ramp  of  100°C/s  at  the  wafer 
centre  (dotted  line,  without  overshooting)  and  near  the  wafer  edge  (full  line,  with  overshooting)  in  comparison  with  experimental  results. 
For  the  wafer  center  a  10°C  lower  process  temperature  was  assumed. 


approximately  5  s  after  reaching  the  plateau  region, 
its  influence  on  the  oxide  thickness  is  reduced  with 
increasing  process  time.  Steeper  heating  ramp  rates 
lead  to  greater  overshooting  and  consequently  to 
larger  thickness  inhomogeneities  (Fig.  4). 

The  oxide  thickness  as  function  of  time  was  cal¬ 
culated  for  3  different  process  temperatures  with 
and  without  including  of  the  overshooting  by 
means  of  the  parallel  oxidation  model  (Fig.  5).  For 
the  wafer  centre  the  growth  was  calculated  using 
the  ideal  temperature  behaviour  according  to 
Fig.  1.  Due  to  the  irradiation  deficiency  of  the  ap¬ 
plied  lamp  heater  in  the  wafer  centre  (see  Fig.  3) 
a  10°C  lower  process  temperature  was  utilized.  The 
oxide  growth  near  the  edge  was  simulated  for  the 
ideal  temperature  profile  superimposed  with  the 
overshooting  difference.  The  results  are  in  good 
agreement  with  the  experimental  datas. 

The  reverse  procedure  is  used  when  monitoring 
the  oxidation  temperature  from  the  measured  oxide 
thickness,  the  corresponding  temperature  must  be 
determined  by  iteratively  solving  the  oxidation 
equation.  The  accuracy  depends  on  the  quality  of 
the  oxidation  model  and  for  short  processes  from 
the  local  temperature  behaviour  including  the  over¬ 
shoot  effect.  Disregarding  this  dynamic  temper¬ 


ature  effect,  overestimates  the  temperature  at  the 
wafer  periphery.  The  deviations  are  for  instance  for 
a  process  temperature  of  T  =  1150°C:  11°C  at 
a  lOs-process,  2.4°C  at  a  60s-process,  for 
a  1050'"C-process:  8.3°C  at  a  10  s-process,  and 
1.4°C  at  a  60  s-process.  The  influence  of  overshoot¬ 
ing  is  quite  intensive  for  short  process  times. 


5.  Conclusion 

Because  the  oxide  thickness  is  a  function  of  the 
whole  temperature  cycle,  dynamic  temperature  in¬ 
homogeneities  must  be  taken  into  account  in 
oxidation  temperature  monitoring  for  RTF.  The 
temperature  overshooting  leads  to  an  overestima¬ 
tion  of  the  oxidation  temperature  near  the  wafer 
edge  for  short  processes.  For  process  times  >  60  s 
the  influence  of  dynamic  effects  can  be  neglected. 
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Abstract 

The  use  of  ultra-violet  (UV)  irradiation  as  a  way  to  assist  the  thermal  oxidation  of  silicon  in  a  dry  O2  ambient  has  been 
previously  studied.  A  new  low  temperature  (~650°C)  oxidation  method  is  presented  here  which  uses  the  basic  UV 
assisted  process  in  addition  to  a  voltage,  applied  to  the  silicon  wafer,  and  reduced  processing  pressure.  This  combination 
results  in  a  greatly  improved  oxidation  rate.  The  applied  voltage  has  several  purposes:  firstly  it  helps  to  remove  the 
build-up  of  negative  charge  at  the  Si-Si02  interface  which  occurs  by  the  diffusion  of  negative  oxygen  ions  (O^)  through 
the  growing  oxide.  The  second  purpose  of  the  voltage  is  to  improve  the  kinetics  of  the  O'  supply  and  diffusion  to  the 
interface.  A  reduced  processing  pressure  allows  effective  electrical  breakdown  of  the  oxidizing  ambient  to  occur,  thus 
concentrating  the  voltage  drop  in  the  system  across  the  growing  oxide.  Results  of  experiments  to  optimize  the  oxidation 
rate  are  described. 


1.  Introduction 

The  oxidation  of  silicon  is  a  process  of  para¬ 
mount  importance  in  integrated  circuit  technology. 
Indeed,  silicon  dioxide  has  many  properties  that 
are  exploited  in  this  field  such  as  passivation  of  Si 
surfaces  and  insulation.  A  general  trend  has  ap¬ 
peared  in  the  past  few  years  to  reduce  the  temper¬ 
ature  of  integrated  circuit  processing.  High  temper¬ 
atures  induce  an  unavoidable  excessive  diffusion  of 
dopants  in  silicon.  In  order  to  limit  dopants  diffu¬ 
sion  during  processing  the  temperature  should  be 
decreased  to  about  700°C.  However,  oxidation  is 
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also  a  phenomenon  governed  by  diffusion  and 
therefore  also  follows  an  exponential  type  relation¬ 
ship  with  the  reciprocal  temperature.  Hence  at  low 
temperatures  the  oxide’s  growth  rate  is  very  low  if 
normal  thermal  oxidation  is  used. 

In  the  oxidation  process,  oxide  growth  ini¬ 
tially  follows  a  linear  relationship  with  time  (t)  up 
to  tj. 

C^QX  - 

for  oxide  thicknesses  (dox)  below  the  10  nm  order  of 
magnitude.  After  this  initial  period  {t  >  t^) ,  oxida¬ 
tion  becomes  limited  by  diffusion  through  the  oxide 
and  the  relationship  becomes  the  characteristic 
parabolic  (diffusion)  dependence  on  time: 

do.  =  LP\t  -  g  + 
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silicon  SiO  0^  gas 

2  2 


Fig.  1.  Energy  band  diagram  of  the  band  gaps  in  Si  (1.1  eV) 
and  Si02  (9  eV)  showing  the  energy  barrier  for  electrons  at  the 
Si-Si02  interface.  Electron  tunnelling  through  the  barrier  is  also 
indicated. 

Models  of  this  relationship  have  been  presented  for 
thermal  oxidation  by  Deal  and  Grove  [1]  (re¬ 
viewed  by  Blanc  [2]  )  and  for  plasma  oxidation  by 
Taylor  et  al.  [3]. 

According  to  Wolters  and  Zegers-van  Duinhoven 
[4],  the  mechanism  for  the  growth  of  silicon  diox¬ 
ide  in  the  parabolic  oxidation  regime  is  governed 
by  the  diffusion  of  oxygen  (0“)  ions  through  the 
Si02.  Fig.  1  shows  the  basic  principle  of  this  mech¬ 
anism:  An  equilibrium  is  set  between,  on  the  one 
hand,  oxygen  species  (O")  hopping  from  one  va¬ 
cancy  site  to  another  and  electrons  tunnelling 
through  the  energy  barrier  at  the  Si-Si02  interface, 
attempting  to  returning  to  the  free  surface.  As  a  re¬ 
sult  of  the  high  improbability  of  the  tunnel  effect, 
particularly  as  the  barrier  widens  (i.e.  as  the  oxide 
thickens),  the  electron-removal  rate  from  the  inter¬ 
face  is  a  very  low.  Thus  an  important  limitation  on 


the  diffusion  process  is  the  negative  charge  that 
builds  up  at  the  Si-Si02  interface  which  leads  to 
the  creation  of  an  electric  field  over  the  oxide, 
opposing  oxygen  ion  diffusion  in  the  material.  If 
this  limitation  can  be  overcome,  the  growth  rate 
should  improve. 

Recently,  an  ultra-violet  (UV)  assisted  oxidation 
process  [5]  has  been  described  that  allows  relativ¬ 
ely  thick  oxide  growth  at  low  temperatures.  This 
process  involves  the  creation  of  O3  and  results  in  an 
enhanced  oxidation  rate.  Oxidation  is  still  ulti¬ 
mately  limited  by  the  build-up  of  charge  at  the 
Si-Si02  interface,  although  in  this  case,  increased 
electron  promotion  over  the  Si-Si02  tunnelling 
barrier  by  energetic  photons  reduces  the  charge 
build-up,  improving  the  O"  diffusion  kinetics  and 
thus  increasing  the  growth  rate. 

This  paper  describes  the  supplementary  idea  of 
using  a  voltage,  applied  to  the  Si  wafer,  as  a  way  to 
overcome  this  limitation  of  electron  tunnelling.  By 
applying  a  positive  voltage  to  the  wafer,  electrons 
can  be  removed  through  the  substrate  and  thus 
electrons  generated  at  the  Si--Si02  interface  no  lon¬ 
ger  have  to  tunnel  through  the  oxide.  For  this  to 
occur,  conduction  through  the  oxidation  ambient  is 
necessary  so  that  a  large  voltage  drop  forms  across 
the  growing  oxide.  As  conduction  through  the  am¬ 
bient  depends  strongly  upon  the  pressure,  experi¬ 
ments  will  be  described  which  investigate  the  influ¬ 
ence  of  the  oxygen  pressure  during  processing  on 
the  oxidation  rate. 


2.  Experimental 

A  cross-sectional  schematic  of  the  stainless-steel 
reactor  cell  is  displayed  in  Fig.  2.  Silicon  wafers 
were  placed  on  the  heating  plate  (also  the  anode) 
below  a  nickel-steel  grid  (cathode),  directly  below 
a  UV  lamp.  The  UV  lamp  used  was  a  Philips  high 
pressure  mercury  lamp:  HOK-4,  having  two  main 
radiations  at  wavelengths  of  185  and  254  nm  in  the 
ratio  1 : 10.  The  UV  lamp  to  grid  distance  is 
^5.0  cm.  The  external  electrical  circuit  includes 
a  voltage  supply,  a  voltmeter  to  control  the  voltage 
across  the  cell  (FJ  and  an  ampmeter  to  measure  the 
resulting  current  in  the  circuit.  Provided  that  elec¬ 
trical  breakdown  of  the  ambient  occurs  during 
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Fig.  2.  Cross-sectional  schematic  of  the  reactor  cell.  The  Si 
wafer  to  be  oxidized  is  placed  on  the  heating  plate  (anode), 
below  the  nickel-steel  grid  (cathode). 


oxidation,  it  was  possible  to  infer  the  voltage  drop 
across  the  oxide  by  reference  to  the  value  of  voltage 
measured  on  the  voltmeter  and  assuming  no  other 
resistances  in  the  equivalent  circuit  inside  the  cell. 

It  should  be  pointed  out  here  that  caution  was 
exercised  to  ensure  the  efficiency  of  electron  re- 
moval  from  the  substrate.  It  was  found  necessary  to 
remove  (by  buffered  HF  cleaning)  any  undesired 
oxide  that  was  present  on  the  back  side  of  the  wafer. 
The  presence  of  such  an  oxide  leads  to  less  voltage 
being  available  across  the  growing  oxide  on  the 
wafer’s  front  side. 

Silicon  epi-wafers  were  used  in  this  study:  sub¬ 
strates  were  n-type  (Sb-doped)  (100)  oriented 
(525  ±  25  pm  thick;  0.008  <p<  0.020  Q  cm)  and 
the  epi-layer  was  10-12  pm  thick  (epi-doping 
'^  6  X 10^^  cm“^).  The  wafer’s  surface  area  is 
78  cm^.  The  experiments  were  carried  out  at  the 
same  temperature  (650°C)  and  time  (6  h)  using  dry 
pure  oxygen  at  various  pressures.  After  having 
pumped  the  air  out  of  the  cell  (to  a  vacuum  of  about 
10  Pa),  pure  oxygen  was  introduced.  After  switch¬ 
ing  on  the  lamp,  the  cell  was  heated  to  650°C  and 
the  bias  (FJ  was  applied  after  the  temperature  had 


stabilized  (positive  potential  on  the  heating  plate). 
After  oxidations,  oxide  thicknesses  were  deter¬ 
mined  either  by  C-V  measurements  (when  the  oxi¬ 
dized  area  produced  was  sufficiently  large)  or  by 
optical  methods. 


3.  Results 

The  resulting  oxide  thicknesses  after  oxidation  as 
a  function  of  the  oxygen  pressure  in  the  cell  are 
displayed  in  Fig.  3.  As  expected,  a  clear  dependence 
of  oxide  thickness  upon  the  oxygen  pressure  was 
found.  The  largest  growth  rate  recorded  was  for  an 
initial  oxygen  pressure  of  about  5000  Pa.  At  low 
pressures  (below  about  1000  Pa),  the  oxygen  atom 
concentration  in  the  cell  is  not  high  enough  to  sup¬ 
ply  sufficient  ions  for  high  oxidation  rates.  How¬ 
ever,  electrical  breakdown  through  the  gas  was  easy 
to  obtain  and  therefore  the  oxide  thicknesses  were 
relatively  homogeneous  over  wafers.  At  high  pres¬ 
sures  (above  about  8000  Pa),  electrical  breakdown 
was  not  attainable  for  a  bias  (Fg)  under  about  600  V 
and  therefore  low  growth  rates  were  obtained. 

In  Fig.  3,  the  effect  of  changing  the  voltage  in  the 
cell  is  also  shown.  For  pressures  around  6000  Pa,  the 


0^  pressure  (Pa) 

Fig.  3.  Oxide  thickness  (left-hand  axis)  resulting  from  the  differ¬ 
ent  oxygen  pressures  used  at  the  temperature  and  voltage  stated: 
the  continuous  curve  is  a  fit  to  the  experimental  data  (  4- ) .  The 
circled  data  point  was  obtained  with  a  voltage  of  700  V.  Addi¬ 
tional  data  points  (x)  obtained  at  other  voltages  are  displayed  as 
oxide  thicknesses  normalized  by  the  current  density  (right-hand 
axis)  and  have  been  fitted  with  the  dashed  curve. 
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voltage  was  increased  to  700  V  (encircled  point)  to 
determine  what  thicknesses  could  be  achieved  at 
pressures  corresponding  to  the  largest  growth  rates. 
As  can  be  seen,  thicker  oxides  were  indeed  formed. 
Furthermore,  more  current  flowed  in  the  external 
circuit.  However,  when  these  thicknesses  are  norma¬ 
lized  with  the  respect  to  the  (initial)  current  that 
flowed  and  the  resulting  oxidized  area,  i.e.  nor¬ 
malized  by  the  current  density  (a  factor  of 
^),  it  can  be  seen  (right  hand  axis  in  Fig.  3) 
that  the  curve  has  the  same  shape  as  the  original 
plot.  This  relationship  indicates  that  it  is  only  the 
pressure  that  really  accounts  for  the  variation  in 
electrical  breakdown  of  the  ambient. 

Table  1  summarizes  the  main  results  achieved: 
for  each  sample,  the  pressure  p  (in  Pa),  the  voltage 
across  the  cell  (F^)  ?  the  initial  current  (7^)  in  the 
external  circuit,  the  oxide  thickness  (d^^) ,  and  oxi¬ 
dized  area  are  given.  Only  the  initial  current  is 
given  in  this  table,  as  in  fact,  the  current  decreases 
continuously  during  an  oxidation  experiment,  ex¬ 
cept  at  one  point  as  described  below.  The  efficiency, 
rj,  of  the  process  will  be  discussed  later. 

Experiments  to  follow  the  evolution  of  oxide 
thickness  with  time  at  a  specific  constant  oxidation 
condition  (pressure  3000  Pa,  temperature  650''C 
and  applied  bias  600  V)  were  also  carried  out.  From 
these  experiments,  the  constants  of  the  growth-rate 
equations  for  the  linear  and  parabolic  regimes 
were  determined  to  be  a  =  0.15  nms"^  and  ^  = 
4.5nms“^^^.  These  values  represent  increases  by 
factors  of  200  and  50  for  oc  and  respectively,  from 
values  for  the  UV  oxidation  process.  Further,  the 
linear  regime  appears  to  have  increased  in  terms  of 


Table  1 

Summary  of  the  most  significant  results  obtained 


P(Pa) 

U(V) 

/c  (^A) 

Jox  (nm) 

A  (cm“) 

n  (%) 

6.5 

450 

200 

30.1 

6 

5 

40 

470 

2200 

107.3 

0.71 

0.5 

800 

430 

2200 

160 

3.5 

3 

1000 

450 

2850 

232 

1.57 

1.5 

2150 

510 

1010 

200 

0.39 

1 

3800 

575 

2000 

290 

1.77 

4 

5350 

730 

3300 

380 

2.4 

3.5 

6800 

730 

4000 

450 

1.15 

2 

oxide  thickness:  for  the  UV  process,  the  parabolic 
growth  regime  begins  at  an  oxide  thickness  of 
about  10  nm  whereas  for  this  process,  this  regime 
starts  from  around  60  nm.  The  start  of  the  para¬ 
bolic  growth  regime  was  marked  by  a  sudden  cur¬ 
rent  drop,  the  origin  of  which  will  be  discussed 
later. 


4.  Discussion 

In  this  section,  discussion  will  be  limited  to  the 
results  obtained  for  pressures  between  500  and 
5500  Pa  (in  Fig.  3)  where  the  enhancement  process 
becomes  really  effective  and  a  substantial  increase 
in  oxide  thickness  is  achieved.  The  effects  of  the 
applied  voltage  will  now  be  discussed. 

First  of  all,  applying  a  bias  leads  to  an  electrical 
breakdown  in  the  ambient  of  the  cell,  insuring  that 
most  of  the  voltage  drop  is  concentrated  across  the 
growing  oxide.  This  ensures  that  the  electrons  re¬ 
leased  at  the  Si-Si02  interface  by  0“  ions  will  be 
removed  to  the  metal  anode  and  extracted  to  the 
external  circuit.  However,  as  electrical  breakdown 
is  typically  a  local  phenomenon,  the  homogeneity 
of  oxide  growth  is  poor. 

The  second  effect  of  applying  a  voltage  across  the 
growing  oxide  is  to  enhance  the  flow  of  ions 
through  the  oxide  during  the  diffusion  phase  of  the 
oxidation  process.  According  to  Tick’s  first  law  for 
diffusion,  the  0“  ion  flux  is  increased  by  an  addi¬ 
tional  drift  diffusion  term  (due  to  the  electric  field 
across  the  oxide  and  proportional  to  the  field 
strength).  In  addition,  in  the  early  stages  of  the 
oxidation,  the  applied  voltage  increases  the  concen¬ 
tration  of  O"  ions  at  the  surface  of  the  very  thin 
Si02  layer.  This  results  in  an  enhanced  growth  rate 
in  the  linear  oxidation  regime  as  well.  Hence,  in 
both  regimes  of  the  oxidation  process,  the  voltage 
improves  the  growth  rate  when  compared  to  nor¬ 
mal  thermal  oxidation. 

Not  only  does  the  voltage  increase  the  growth 
rate  constants  a  and  ^  but  it  also  causes  the  linear 
oxide  growth  region  to  be  greater.  Indeed,  as  ex¬ 
plained  by  Taylor  et  al.  [3],  parabolic  growth  starts 
when  the  charge  at  the  surface  of  the  oxide  becomes 
too  small  to  supply  the  oxidation  with  0“  ions  at 
the  same  rate.  This  causes  the  charge  to  suddenly 
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spread  all  over  the  oxide,  resulting  in  a  current 
drop,  as  was  observed.  In  this  study,  the  applied 
voltage  increases  the  charge  concentration  on  top 
of  the  oxide,  which  prolongs  the  supply  of  charge 
for  the  linear  regime,  thus  causing  the  dilfusion 
controlled  regime  to  start  later  (at  large  thick¬ 
nesses). 

Concomitantly  with  the  voltage  effects  described 
above,  the  UV  lamp  has  three  major  effects  as  well. 
The  first  of  them  is  to  produce  ozone  (with 
A  =  185nm  photons).  Chemically  more  reactive 
than  the  oxygen  molecule,  ozone  is  decomposed 
into  oxygen  and  the  exited  state  of  the  O  atom 
(with  A  =  254 nm  photons)  -  see  Chao  et  al,  [6]. 

Second,  with  this  particular  experimental  set-up, 
a  large  percentage  of  UY  light  reaches  the  wafer’s 
surface.  (With  a  lamp  to  wafer  distance  of  '^5.5  cm 
and  a  pressure  of  1000  Pa,  an  absorption  of 
-^2%  of  the  185  nm  radiation  will  occur  in  the 
oxidizing  ambient  according  to  Robinson  [7]  ;  for 
a  5000  Pa  pressure,  the  absorption  is  ^10%.  The 
254  nm  radiation  is  mainly  absorbed  by  ozone 
which  was  assumed  to  be  at  sufficiently  low  concen¬ 
tration  in  the  cell  to  have  a  negligible  absorption 
effect.)  Shining  UV  radiation  directly  on  the  wafer 
has  the  additional  effect  of  breaking  Si-Si  bonds,  at 
the  Si-Si02  interface  (creating  electron-hole  pairs) 
as  suggested  by  Schafer  and  Lyon  [8]  and  con¬ 
firmed  by  Young  and  Tiller  [9, 10],  This  latter  effect 
enhances  the  oxidation  rate  as  the  diffusing 
O”  ions  can  now  bond  to  these  modified  Si  atoms 
relatively  easily.  This  effect  is  especially  strong  dur¬ 
ing  the  early  stages  of  oxidation  when  according  to 
Blanc  [3]  the  density  of  oxygen  species  would 
otherwise  be  considerably  higher  than  that  of  bro¬ 
ken  Si-Si  bond. 

The  third  role  of  the  UV  radiation  is  to  help 
conduction  through  the  oxidizing  ambient  by 
photo-generating  electrons  from  the  nickel-steel 
grid  cathode.  This  latter  effect  combined  with  a  ho¬ 
mogeneous  illumination  (which  was  not  present  in 
this  cell)  may  be  considered  as  a  first  step  on  the 
way  to  a  homogeneously  thick  oxide. 

The  efficiency,  ?/,  of  the  process  was  evaluated  by 
comparing  the  experimental  thickness  to  the  cor¬ 
responding  value  that  would  have  been  reached  if 
the  total  charge  collected  at  the  anode  (computed 
by  numerical  integration  of  the  current)  was  due  to 


electrons  released  by  diffused  0~  ions.  Indeed, 
knowing  the  total  number  of  electrons  that  reached 
the  anode  gives  the  maximum  theoretical  number 
of  SiOa  molecules  that  could  be  formed.  When  the 
oxidized  area  is  known,  the  maximum  theoretical 
value  can  be  inferred  for  the  oxide  thickness  (from 
the  Si02  density).  Obviously  the  efficiency  rj  (dis¬ 
played  as  a  percentage)  in  Table  1  indicates  that 
not  every  electron  really  contributes  to  the  oxida¬ 
tion:  100%  efficiency  would  mean  that  every  elec¬ 
tron  that  passes  through  the  cell  ionises  an  oxygen 
atom  and  then  is  released  by  the  ion  when  it  reacts 
to  form  Si02  at  the  Si-Si02  interface. 

5.  Conclusions 

The  application  of  a  voltage  to  a  Si  wafer  during 
oxidation  has  been  shown  to  lead  to  a  significant 
enhancement  in  the  oxidation  rate  of  Si.  Thick¬ 
nesses  of  an  order  of  magnitude  large  than  those 
achievable  with  UV-assisted  oxidation  at  similar 
temperatures  have  been  obtained.  Furthermore,  the 
constants  of  the  growth-rate  equations  are  con¬ 
siderably  larger  than  those  for  the  UV-assisted  pro¬ 
cess  and  the  linear  growth  regime  has  been  in¬ 
creased  in  terms  of  oxide  thickness.  Nevertheless, 
further  work  is  required  to  improve  the  homogen¬ 
eity  of  the  oxide  produced  by  this  technique  which 
is  particularly  poor  due  to  the  inherent  instability 
of  electrical  breakdowns  in  gases  at  high  electric 
fields.  A  compromise  remains  to  be  found  between 
high  growth  rates  and  better  homogeneity. 

The  authors  would  like  to  thank  members  of  the 
Advanced  Semiconductor  Material  Science  group 
of  Philips  Research  Laboratories  in  Eindhoven 
who  supported  this  work. 
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Abstract 

The  influence  of  the  rapid  thermal  annealing  (RTA)  in  vacuum  on  the  properties  of  thermally  grown  Si02  has  been 
investigated  by  means  of  high  field  Fowler-Nordheim  tunneling  injection.  The  results  indicate  that  the  RTA  process 
anneals  the  original  electron  traps  existing  in  as-grown  oxides  while  also  introducing  positive  charge  manifested  as 
electron  traps.  The  dependence  of  these  charges  on  the  annealing  temperature  (1073-1473  K)  is  a  strong  function  of  the 
technological  history  of  the  samples. 


1.  Introduction 

The  increasing  demands  of  the  IC  performance 
have  imposed  the  necessity  of  new  technological 
approaches.  This  has  provoked  the  development  of 
so-called  rapid  thermal  processes  which  appear  to 
be  very  beneficial  and  convenient  for  application  in 
the  advanced  technology  devices  with  submicron 
dimensions  [1].  Much  attention  has  been  focused 
on  the  post-oxidation  rapid  thermal  annealing 
(RTA)  of  Si02  layers,  as  a  possibility  for  improving 
the  quality  and  the  reliability  of  Si02  films.  There  is 
evidence,  however,  that  the  annealing  behavior 
strongly  depends  on  both  the  process  parameters 
and  the  technological  history  of  the  samples.  As 
a  result,  in  some  cases,  RTA  could  improve,  as  well 
as  worsen  the  quality  of  Si-Si02  system.  Regardless 
of  the  intensive  investigations  of  the  RTA  influence 
on  the  properties  of  Si-Si02  based  devices,  the 
processes  which  lead  to  the  introduction  of  defects 
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in  some  cases  of  RTA  are  not  well  clarified.  The 
origin  of  these  defects  as  well  as  their  relation  to  the 
chemical  ambient  and  to  the  temperature  of  an¬ 
nealing  are  not  also  elucidated  [2,3].  Because  of 
this,  albeit  the  evident  merits  of  RTA  technique  in 
comparison  with  classical  thermal  treatments,  its 
use  has  not  yet  obtained  wide  application. 

The  purpose  of  this  paper  is  to  investigate  the 
influence  of  RTA  in  vacuum  at  temperatures 
Ta  =  1073,  1273  and  1473  K  on  the  properties  of 
Si-Si02  structures  with  two  oxide  thicknesses 
d  =  \  \  and  39  nm  obtained  at  different  oxidation 
conditions,  i.e.  with  different  technological  history 
before  the  RTA.  The  effect  of  the  temperature  at 
which  the  RTA  was  performed  in  vacuum  as  well  as 
the  quality  of  the  initial  Si“Si02  structures  were 
studied  using  the  Fowler-Nordheim  (FN)  electron 
injection  technique  on  MOS  capacitors. 


2.  Experimental  procedure 

All  the  samples  were  MOS  capacitors  on  p-type 
(100)  Si  (15-17  Qcm).  After  the  conventional 
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chemical  cleaning  for  MOSLSIs,  part  of  the  wafers 
were  oxidized  in  dry  oxygen  at  1273  K  (with 
N2  annealing  at  the  same  temperature)  to 
6?  =  1 1  nm.  The  rest  of  the  wafers  were  oxidized  at 
the  same  temperature  in  dry  oxygen  with  4%  HCl 
(without  high  temperature  annealing  in  N2)  to 
d  2>9  nm.  The  samples  from  both  groups  were 
submitted  to  RTA  in  vacuum  for  60s  at  the  three 
mentioned  temperatures.  Annealing  was  performed 
in  a  commercial  resistance  type  heater  at  vacuum 
5xlO"^Torr.  MOS  capacitors  were  defined  by 
evaporation  of  A1  (gate  area  1.96  x  10“^cm“).  To 
study  only  the  effect  of  RTA  the  wafers  received  no 
post-metalization  annealing.  The  ramp  rate  of  I-V 
measurements  was  0.15  V/s  and  the  gate  was  al¬ 
ways  biased  negatively.  For  both  I-V  and  I-t 
dependencies  the  current  was  measured  using 
a  Philips  PM  6509  leakage  current  meter  with  an 
accuracy  of  1  x  10“  ^ '  A. 

3.  Results  and  discussion 

The  experimental  results  show  that  the  FN 
tunneling  is  the  dominant  conduction  mechanism 
in  the  oxides  investigated  before  as  well  as  after 
annealing,  i.e.  the  current  J  flowing  through  the 
oxide  is  J  —  AE^  exp(  —  B/E)  .  The  constants  A 
and  B  are  functions  of  both  the  barrier  height 
at  the  Al“Si02  interface  and  of  the  effective  electron 
mass  m*.  E  is  the  cathode  electric  field.  B  = 
(87r/3h)  (2m*)^'^  (m*  =  0.42mo,  mo  is  the  free 

electron  mass).  Table  1  presents  the  value  of  B  de¬ 
duced  from  the  I-V  curves  for  all  cases  investi¬ 
gated.  It  is  seen  that  the  effect  of  the  RTA  is 
different  for  the  two  oxides  and  the  following  pecu¬ 
liarities  could  be  observed. 

Case  i.  d  =  ll  nm.  No  reduction  of  <P^  at  1073  K 
was  observed.  Higher  annealing  temperature 
results  in  lowering  of  the  barrier  and  therefore 
increased  conductivity.  This  reduction  implies 
the  generation  of  positive  charge  near  the 
injecting  interface.  The  oxide  annealed  at  1473  K, 
however,  showed  qualitatively  different  behavior 
indicating  in  fact  a  change  of  film  conductivity 
mechanism  after  annealing.  The  I-V  curves  in 
this  case  are  best  fitted  by  the  Richardson- 
Dushman  equation  which  is  representative  for 


Table  1 


Values  of  the  constant  B 

( X  10®  V/cm) 

derived 

from  experi- 

mental  / 

—  V  curves 

d 

(nm) 

As-grown 

oxide 

RTA 

800  C 

1000  C 

1200  C 

11 

2.42 

2.41 

2.18 

39 

2.25 

2.00 

2.15 

2.23 

RTA.  rapid  thermal  annealing. 


the  Schottky  emission.  So,  the  calculated  value  of 
the  relative  dielectric  constant  e  from  the  slope 
J  versus  ^/e  is  4.25,  i.e.  this  value  is  slightly  higher 
than  the  well  known  value  of  3.9  typical  of  perfect 
Si02.  Based  on  these  results  we  conclude  that 
Schottky  emission  occurs  in  the  1 1  nm  oxides  after 
1473  K  RTA.  According  to  Tromp  et  al.  [3]  when 
thin  oxide  layers  are  annealed  at  T.^  >  1373  K  in 
vacuum,  Si02  decomposition  occurs  and  the  oxide 
is  removed.  The  process  is  highly  non-uniform  and 
it  leads  to  defect  generation  in  the  oxide  including 
formation  of  SiO.^.  (1  <  x  <  2)  .  Based  on  these  re¬ 
sults  we  assume  that  the  presence  of  these  non- 
stoichiometric  oxides  may  be  responsible  for  the 
higher  value  of  8  at  1473  K.  In  addition,  the  11  nm 
oxides  after  annealing  at  1473  K  exhibit  extremely 
large  leakage  current  even  at  low  electric  fields 
(3-5  MV/cm).  These  large  currents  observed  are  an 
additional  support  of  the  suggestion  that  in  this 
case  the  oxide  is  strongly  defected.  At  such  high 
temperatures  the  anneal  in  vacuum  most  likely 
produces  some  sort  of  structural  defects  (like  re¬ 
gions  of  non-stoichiometric  oxide  due  to  the  de¬ 
composition  of  Si02)  with  high  density  and  the 
current  flows  through  them. 

Case  a.  <i  =  39nm.  The  annealing  at  1473  K 
(Table  1 )  does  not  alter  the  of  39  nm  oxide  at  ail. 
With  decreasing  the  the  barrier  height  also  de¬ 
creases  and  the  lowest  temperature  (1073  K)  affec¬ 
ted  it  stronger.  The  calculated  reduction  of  the 
barrier  is  A^b  =  0-25  eV.  In  this  way,  our  data 
clearly  show  an  increase  of  hole  trapping  with  de¬ 
creasing  Ta  for  d  =  39  nm,  i.e.  RTA  at  lower  an¬ 
nealing  temperature  seems  to  favor  the  generation 
of  positive  charge. 
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Let  us  now  trace  the  I-t  characteristics  when 
a  constant  electric  field  (7-11  MV/cm)  is  applied. 
For  all  samples  the  current  decreases  monotoni- 
cally  with  time  to  a  saturation  level,  Jg.  As  is  seen 
(Fig.  1),  the  I-t  curves  for  d  =  39  nm  after  annealing 
lie  above  this  for  the  as-grown  sample.  The  higher 
the  temperature  the  shorter  the  decay  region  is  and 
the  higher  J^.  Generally,  the  current  decay  may  be 
due  to  the  presence  of  electron  trapping  near  the 
injecting  electrode.  This  results  in  a  reduction  of  the 
external  field  E^  =  E^-  {qN'  x/s),  where  N  is  the 
bulk  density  of  the  trapped  charge  and  5c  is  the 
distance  of  the  charge  centroid  from  the  non-inject¬ 
ing  interface.  Following  the  procedure  described  in 
[4]  we  have  calculated  the  product  Nf  ^  N5c  from 
the  experimental  I-t  curves  (Table  2).  The  reduc¬ 
tion  AN f  of  the  traps  after  annealing  is  a  function  of 
Ta  and  d.  ANf  increases  with  increasing 
for  =  39  nm  and  the  highest  reduction 
ANf  =  1  X  10^^  cm" ^  is  obtained  after  annealing  at 
1473  K.  The  reduction  of  electron  traps  after  an¬ 
nealing  of  the  1 1  nm  oxides  is  also  observed  but  the 
effect  in  this  case  is  weaker  {ANf  =  (1.5  —  3) 
X  10^  ^  cm”^).  These  oxides,  however,  exhibit  differ¬ 
ent  rapid  thermal  characteristics  -  the  dependence 
on  the  temperature  is  reverse,  ANf  decreases  with 
increasing  the  temperature.  Generally,  the  reduc¬ 
tion  of  the  electron  traps  after  RTA  is  observed 
from  many  authors  [1,5].  Probably  this  reduction 


Fig.  1.  l-t  characteristics  for  =  39nm  oxides  before  (-X-)  and 
after  RTA  treatment:  o,  1073  K;  •,  1273  K;  O,  1473  K.  Lines  are 
drawn  as  guides  for  the  eye. 


Table  2 

Values  of  the  effective  trap  density  Afy  —  Ax  (  x  10*^  cm"^)  for 
the  samples  investigated  before  and  after  rapid  thermal  anneal¬ 
ing 


d 

(nm) 

As-grown 

oxide 

RTA 

800°C 

lOOOX 

1200°C 

11 

1.4 

1.1 

1.27 

— 

39 

1.4 

1.1 

0.85 

0.4 

is  due  to  the  annealing  of  the  originally  existing 
traps  in  the  initial  oxides.  The  hydrogen  containing 
species  are  most  likely  responsible  for  the  observed 
electron  traps  [6].  Their  concentration  in  the  as- 
grown  oxides  is  probably  significant  especially  for 
the  39  nm  oxides  which  were  not  subjected  to  the 
post-  oxidation  N2  annealing.  As  it  is  seen  from  our 
results  the  effect  of  the  RTA  on  the  Si-Si02  system 
depends  in  very  complicated  way  on  the  quality 
and  on  the  parameters  of  the  initial  oxide  and  its 
interface  with  the  Si. 

Although  the  dependence  of  on  is  different 
for  the  two  oxides  investigated,  there  exists  very 
interesting  correlation  between  the  reduction  A^b 
and  the  annealed  traps  ANf  (Fig.  2).  As  it  is  seen 
ANf  (A^b)  is  a  decreasing  function  for  both  oxides, 
and  the  greater  the  reduction  of  the  barrier  height 
(i.e.  the  greater  the  induced  positive  charge),  the 
smaller  the  reduction  of  the  electron  traps.  We 
assume  that  the  most  possible  candidate  for  the 
positive  oxide  trapped  charge  is  the  trivalent  silicon 
(  =  Si’)  (in  all  forms  -  as  interface  states  as  well  as 
oxide  charge)  which  is  obtained,  most  likely,  after 
breaking  of  Si-H  and  Si-OH  groups.  The  =  Si- 
acts  as  a  hole  trap  and  induces  positive  charge. 
Subsequent  injected  electrons  are  captured  at  this 
site.  So,  such  a  capture  can  compensate  a  part  of  the 
hole  centers  O3  =  Si'^-Si  =  O3  [7-9].  The  experi¬ 
mental  results  indicate  that  RTA  in  vacuum  is 
effective  in  reducing  the  density  of  native  electron 
traps  presented  in  the  initial  oxides  and  at  the  same 
time  RTA  leads  to  the  formation  of  an  additional 
positive  charge  which  subsequently  acts  as  electron 
traps.  This  seems  to  be  the  reason  that  the  greatest 
reduction  of  the  electron  traps  is  observed  for  the 
samples  which  do  not  show  a  change  of  <P^  (i.e. 
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Fig.  2.  AN f  versus  A^b  for  the  two  oxides  investigated:  o,  1 1  nm: 
O,  39  nm.  Lines  are  drawn  as  guides  for  the  eye. 


a  generation  of  positive  charge,  RTA  1073  K  for 
llnm  and  1473  K  for  39  nm  oxides,  Table  1),  and 
conversely  the  smallest  is  the  reduction  of  electron 
traps  for  samples  exhibiting  the  greatest  reduction 
of  This  correlation  was  observed  for  both  ox¬ 
ides  although  it  is  stronger  for  the  thicker  one. 
These  data  exclude  the  possibility  that  the  decrease 
of  the  electron  traps  is  due  to  the  charge  compensa¬ 
tion  and  is  not  a  real  annealing  of  traps.  In  the  case 
of  compensation  the  greatest  reduction  AAj  of 
traps  should  be  observed  for  the  samples  perform¬ 
ing  greatest  positive  charge  generation  (i.e.  greatest 
A^b)-  II  is  known  that,  when  breaking  the  hydrogen 
containing  group,  hydrogen  species  are  dissociated 
and  they  drift  easily  through  the  oxide.  From  the 
slope  A  Ay  versus  l/Tg  we  have  extracted  the  ac¬ 
tivation  energy  0.4  eV  for  the  traps  annealing  in  the 
case  of  (7  39  nm.  This  value  is  very  close  to  that 

which  is  usually  reported  for  the  hydrogen  trans¬ 
port  in  the  Si02  [10].  This  provides  further  support 
for  the  conclusion  for  a  key  role  of  the  hydrogen  in 
the  RTA  process.  The  results  indicate  also  that 
more  hole  traps  are  created  in  the  1 1  nm  oxides 
with  increasing  T^,  which  is  in  accordance  with  the 
data  of  the  others  [5].  One  possibility  for  the  in¬ 
creased  hole  trapping  is  the  oxygen  deficiency 
model  [11].  Within  this  model  high  temperature 
annealing  in  an  inert  ambient  causes  a  deficiency  of 
oxygen  in  Si02.  Hole  traps  are  believed  to  result 
from  the  missing  oxygen  atoms  which  locally  dis¬ 
rupt  the  normal  Si-O  bonds.  It  is  surprising,  how¬ 
ever,  that  39  nm  oxides  show  reverse  tendency  -  the 


hole  traps  decrease  with  increasing  7^.  Recently 
Devine  et  al.  [12]  have  detected  also  the  presence  of 
oxygen-vacancy  centers  and  oxygen-vacancy  re¬ 
lated  complexes  but  in  the  thick  oxide  and  after 
long  time  high  temperature  annealing.  These  de¬ 
fects  result  from  the  diffusion  of  O  from  the  Si02 
network  into  the  Si.  In  fact,  the  physical  origin  of 
hole  traps  generation  during  RTA  is  not  yet  known. 
Although  some  questions  about  RTA  effects  have 
been  answered,  there  are  still  unresolved  problems. 
For  example,  at  higher  temperatures,  the  hydrogen 
or  water  outdiffusion  is  possible,  which  increases 
the  interface  state  density.  However,  untill  now,  it 
has  not  been  conclusively  shown  which  of  the  sev¬ 
eral  processes,  e.g.  hydrogen  generation,  diffusion 
or  recombination  dominate  the  annealing  at  the 
conditions  of  RTA.  In  addition,  which  type  of  inter¬ 
face  states  formed  during  the  RTA  (acceptor  or 
donor)  will  be  dominant  depends  on  the  initial 
oxide  quality.  All  this  could  lead  to  a  specific  for 
a  given  oxide  dependence  of  the  hole  traps  genera¬ 
tion  on  Ta  which  we  actually  observe.  However,  it 
is  clear  that  the  origin  of  the  traps  cannot  be  deter¬ 
mined  by  these  experiments  alone  and  other  experi¬ 
ments  including  analytical  ones  must  be  performed 
to  correlate  the  results. 


4.  Conclusion 

As  a  result  from  this  investigation,  some  important 
conclusions  can  be  done.  Rapid  thermal  annealing 
in  vacuum  leads  to  generation  of  positive  charge 
which  results  in  lowering  of  the  barrier  height.  This 
reduction  depends  on  the  annealing  temperature  as 
well  as  on  the  technological  history  of  the  samples. 
The  results  reveal  that  the  RTA  has  different  effect 
on  the  hole  trapping  depending  on  the  quality  of 
the  initial  oxide  and  on  its  interface  with  Si.  RTA  at 
higher  annealing  temperature  seems  to  favor  the 
generation  of  hole  traps  in  more  perfect  oxides 
(with  post-oxidation  conventional  N2  annealing). 
Conversely  higher  temperature  results  in  decreas¬ 
ing  of  hole  traps  for  defected  oxides  (i.e  as-grown, 
non-annealed  oxides).  We  believe  that  the  depend¬ 
ence  of  the  RTA  behavior  on  the  properties  of  the 
initial  oxides  is  an  unique  characteristic  of  the  RTA 
process. 
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Besides  the  positive  charge  formation  after  RTA 
an  annealing  of  the  original  electron  traps  in  the 
Si02  was  also  observed.  The  obtained  activation 
energy  of  the  annealing  process  provides  support¬ 
ing  evidence  for  the  important  role  of  hydrogen 
transport  in  the  process  of  RTA  in  vacuum. 

Our  experiments  also  confirm  the  observed  from 
other  authors  dramatic  deterioration  of  the  proper¬ 
ties  of  the  thin  Si-Si02  structures  after  RTA  at 
1473  K,  which  most  likely  is  due  to  the  high  tem¬ 
perature  decomposition  of  the  Si02. 
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Abstract 

The  resistance  of  the  As-terminated  Si(OOl)  surface  to  oxidation  in  is  the  subject  of  this  study.  Photoemission 
spectra  of  As3d  and  Si2p  core  levels  excited  with  synchrotron  radiation  reveals  that  spectral  changes  are  evident, 
simultaneously  for  As  and  Si,  only  from  ~  10^^  L  (Langmuir)  on,  in  stark  contrast  with  a  previous  report  indicating 
a  saturation  coverage  in  the  400-2000  L  range.  Oxidation  proceeds  slowly,  as  dimerized  As  remain  intact  (~24%)  up  to 
exposures  of  ~  10^^  L.  In  the  oxidized  areas,  the  four  Si  oxidation  states  (indicative  of  subsurface  oxidation)  and  three  As 
oxidation  states  plus  metallic  arsenic  show  up.  This  suggests  a  reduetion  of  the  arsenic  oxide  by  silicon.  Arsenic  losses  are 
also  observed,  probably  via  sublimation  of  AS4O6  molecules. 


1.  Introduction 

The  exposure  of  the  Si(00  l)-2  x  1  surface  to  an 
AS4  beam  leads  to  the  adsorption  (‘on-top’  or  ‘dis- 
placive’,  according  to  experimental  conditions 
[1-2]  )  of  arsenic  atoms  on  the  Si  surface  and  to  As 
dimerization  (Fig.  1),  to  give  also  a  2  x  1  reconstruc¬ 
tion.  As  a  result  the  Si  dangling-bond  states  charac¬ 
teristic  of  the  clean  surface  are  removed  and 
replaced  by  an  As  lone-pair  state  well  below  the 
Fermi  level  (Si  is  3s^3p^,  while  As  is  4s^4p^).  Be¬ 
cause  of  the  low  electronic  density  of  surface  states 
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close  to  the  Fermi  level,  the  dissociation  of  the 
O2  molecule  on  the  As/Si(00  l)-2  x  1  surface,  which 
is  a  limiting  step  for  oxygen  chemisorption,  is 
made  difficult.  The  surface  is  thus  passivated. 
Another  remarkable  feature  of  As/Si(00  l)-2  x  1 
is  that  it  consists  in  a  well-ordered  surface  with 
symmetric  As  dimers  and  elimination  of  missing 
dimer  defects  characteristic  of  the  Si(001)-2xl 
surface  [3]. 

The  present  work  on  the  oxidation  of  the 
Si(00  l)-2  X  1  surface  overlaid  by  one  monolayer  of 
arsenic  atoms  is  a  synchrotron  radiation  X-ray 
photoemission  spectroscopy  (XPS)  study 
{hv  =  135  -  165  eV)  of  the  evolution  of  Si2p  and 
As3d  core  levels  with  increasing  oxygen  exposure. 
Being  sensitive  to  the  first  layers,  thanks  to  the 
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©Si  ©As 

Fig.  1.  Schematic  atomic  models  of  the  Si(001)-2xl  and 
As/Si(00  l)-2  X  1  surfaces. 

synchrotron  radiation  tunability,  and  to  the  nearest 
neighbour  bonding  this  method  provides  accurate 
information  on  both  the  different  chemical  config¬ 
urations  of  As  and  Si  atoms  and  their  relative 
distribution. 


2.  Experimental  procedure 

The  As-terminated  Si(OOl)  surfaces  were  pre¬ 
pared  in  an  ultra-high  vacuum  (UHV)  molecular 
beam  epitaxy  (MBE)  chamber,  equipped  with  a  low 
energy  electron  diffraction  (LEED)  apparatus.  Si 
substrates,  previously  cleaned  by  flash-annealing 
cycles,  were  kept  at  350°C  or  500°C  (two  samples 
have  been  prepared,  but  no  difference  either  in  the 
As  resulting  coverage  or  in  the  resistance  to  oxida¬ 
tion  was  observed)  and  exposed  to  an  AS4  flux 
under  a  pressure  of  about  10”^  Torn  After  As  de¬ 
position,  the  As/Si(001)  samples  were  transferred, 
under  UHV  conditions,  to  the  photoemission  ana¬ 
lysis  chamber,  set  on  beamline  SU7  at  the  SUPER- 
ACO  storage  ring  (LURE).  Room  temperature 
exposures  to  high-purity  O2  were  carried  out 


directly  in  the  analysis  chamber  for  low  pressures 
(2  X  10' ^-2  X  10“  ^  Torr)  and  in  a  dedicated  oxida¬ 
tion  cell  isolated  by  a  valve  from  the  analysis  cham¬ 
ber  for  high  pressures  (4.5  x  10”  ^-525  Torr). 

Photoelectron  energy  distribution  curves  were 
measured  with  monochromatic  synchrotron  radi¬ 
ation  excitation  and  a  partially  angle-integrating 
electrostatic  electron  energy  analyzer. 

2.7.  Data  treatment 

For  quantitative  analysis,  we  subtracted  an  ex¬ 
trinsic,  secondary  electron  background  plus  an  in¬ 
trinsic,  energy  loss  background  [4],  and  the  low 
spin-orbit  component  was  removed  systematically 
for  the  Si2p  core  levels.  To  fit  the  Si2p3/2  spectra 
(Fig.  2),  each  chemical  state,  that  is,  bulk  Si  (de¬ 
noted  Si^),  silicon  bonded  to  As  (denoted  Si(As)), 
and  the  four  silicon  oxidation  states  (spaced  by 
^0.9  eV),  conventionally  denoted  Si^^,  Si^^,  Si^^ 
and  Si'^'^(Si02),  is  represented  by  a  Gaussian  con¬ 
voluted  by  a  Lorentzian  of  0.1  eV  full-width  at 
half-maximum  (FWHM),  accounting  for  lifetime 
broadening.  In  the  fitting  procedure  of  the  As3d 
spectra  (Fig.  3),  each  chemical  state  of  arsenic,  that 
is.  As  dimers  (denoted  As*^'""),  As  metal  (As"”^^),  and 
the  three  attested  oxidation  states  (spaced  by 
1.2-1.3eV),  attributed  to  As  with  one,  two  and 
three  oxygen  atom  first  neighbours  and  denoted 
As(I),  As(II),  As(III),  is  represented  as  well  by  a  con¬ 
volution  of  a  Gaussian  by  a  Lorentzian  of  0.16  eV 
FWHM.  To  facilitate  the  identification  of  the  As 
oxidation  states,  the  As3d3/2  can  also  be  stripped 
off:  this  was  done  on  the  most  heavily  oxidized 
spectrum  (Fig.  4), 

3.  Results  and  discussion 

5.7.  The  clean  AslSi(00 1)  surface 

The  Si2p3/2  core-level  (Fig.  2)  is  fitted  by  two 
components,  the  surface  component  Si(As)  at 
+  0.4  eV  and  the  bulk  line.  A  weak  structure  needs 
to  be  introduced  at  +  leV  to  take  into  account 
the  curve  asymmetry.  It  has  to  be  attributed  to 
energy  losses  rather  than  to  contamination  (Si^  of 
Si-OH  is  found  at  the  same  binding  energy)  since  it 
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Fig.  2.  Spectral  decomposition  of  Si2p3-2  core-levels  [hv  =  145  eV)  for  indicated  O2  exposures.  For  the  spin-orbit  deconvolution,  we 
used  a  splitting  of  0.6  eV  and  a  branching  ratio  2pi,2:2p3;2  of  0.5  (the  statistical  value).  The  raw  Si'^:Si(As):  Si*  ^  :  Si^^  :  Si^^  .  Si"*^  ratio 
is  31 : 7 : 7 : 8  : 9 :  38  at  ~  10* with  Gaussian  FWHM  (in  eV)  of  0.40,  0.40,  0.50,  0.80,  0.92  and  1.08,  respectively. 


does  not  evolve  under  O2  adsorption  up  to 
^10^^  L  (1  L  =  10”^  Torr  s).  The  surface-to-bulk 
ratio  (32 : 68  at  /iv  =  145  eV,  30 : 70  at  /i v  =  1 35  eV) 
corresponds  to  a  monolayer  (6.8  x  10^^  atoms/cm^) 
of  silicon  bonded  to  arsenic,  by  comparison  with 
template  surfaces  Si(001)-2x  1  and  NH3-exposed 
Si(00  1)  [5].  Since  the  As3d  spectrum  (Fig.  3)  pres¬ 
ents  a  single  chemical  state,  the  fixation  of  only  one 
monolayer  of  As  is  confirmed. 

3.2.  The  02-exposed  As/Si(00 1)  surface 

Our  study  points  to  the  following  five  important 
observations. 

(i)  A  strong  resistance  to  oxidation.  For  O2  ex¬ 
posures  below  10^^  L,  the  Si2p  and  As3d  spectra 
(Figs.  2  and  3)  show  no  appreciable  change  with 
respect  to  the  clean  surface,  either  in  shape  or  in 


binding  energy  position.  An  exposure  as  high  as 
2.7  X  10^^  L  (under  525  Torr)  is  necessary  to  initiate 
the  oxygen  bonding  to  As  (and  Si).  Contrary  to  our 
findings,  Zhong  and  co-workers  [6]  using  Auger 
electron  spectroscopy  (induced  by  an  electron  gun) 
have  found  that  oxygen  adsorbs  on  such  a  surface, 
already  after  20  L  with  a  saturation  coverage  of 
0.5  monolayer  in  the  400-2000  L  range.  The 
disagreement  with  Zhong’s  group  results  may 
arise  from  an  electron  initiated  dissociation  of  the 
O2  molecules  which  readily  react  with  the  As-As 
dimers. 

(ii)  A  slow  process.  The  simultaneous  observa¬ 
tion  at  the  largest  exposure  (~  10^^  L)  of  Si(As)  and 
As"^'""  components,  in  the  Si2p  (in  grey  in  Fig.  2)  and 
As3d  spectra,  respectively,  bears  evidence  that 
a  fraction  of  the  As-As  dimers  remains  unaffec¬ 
ted.  The  As"^*""  relative  intensity  gives  directly  the 
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Binding  Energy  (eV,  relative  to  As‘^''^-As3d5/2) 

Fig.  3.  Spectral  decomposition  of  As3d  core-levels  {hv  =  145  eV)  for  indicated  O2  exposures.  For  the  spin-orbit  deconvolution,  we  used 
a  splitting  of  0.69  eV  and  a  branching  ratio  3d3/2 :  3d5/2  of  0.69  (3%  greater  than  the  statistical  value).  The  raw  As'""':  As(I):  As(II): 
As{III)  ratio  is  24:15:10: 10:41  at  ~  10^^  L,  with  Gaussian  FWHM  (in  eV)  of  0.52,0.52,0.75,0.81  and  1.05,  respectively. 


fraction  of  the  surface  remained  unspoiled,  ^  80%  at 
2.7  X  10^^  L  and  as  large  as  -^24%  at  1.4  x  10^^  L. 

(iii)  The  oxidation  process  is  not  limited  to  the 
surface.  At  2.7  x  10^^  L,  corresponding  to  an  oxy¬ 
gen  coverage  below  the  equivalent  (001)  mono- 
layer,  essentially  As(III)  develops  and  at  the  same 
time  the  four  oxidation  states  of  Si  show  up  (Si^"^ 
and  Si'^'^  are  the  most  intense).  Thus,  not  only  are 
As-As  dimer  bonds  attacked,  but  oxygen  is  inserted 
in  the  As  and  Si  backbonds,  leading  to  a  stage  of 
local  subsurface  oxidation. 

(iv)  The  formation  of  As  metal.  Along  with  ar¬ 
senic  oxidation  states,  a  component  at  +  0.4  eV 
shows  up  (see  Figs.  3  and  4).  For  the  As^’"^  line  it 
causes  an  apparent  change  in  the  3d3/2,5/2 
spin-orbit  ratio,  already  visible  at  2.7  x  10^^  L  and 


1.4  X  10^^  L,  it  is  responsible  for  the  apparent  lack 
of  resolution  of  the  non-oxidized  As3d  peak.  This 
component,  clearly  distinguishable  from  the  first 
oxidation  state  As(I)  at  +  1.2  eV,  is  attributed  to 
As  metal  and  may  be  explained  by  the  reaction  of 
As(III)  oxide  with  silicon.  Indeed  the  reaction 
AS4O6  +  3S  i-^  4As  +  3Si02  is  exothermic 
{AH  ^  —9S  kcal/mol  [7]). 

(v)  As  losses  with  time.  After  proper  normaliz¬ 
ation  of  the  As3d  spectra,  peak  area  measurement 
and  comparison  with  spectral  area  of  the  clean 
surface,  we  have  noticed  As  losses  under  UHV 
conditions  for  the  1.4xlO^^L  exposed  surface. 
These  losses  affect  essentially  the  AS(III)  chemical 
state,  probably  via  the  sublimation  of  AS4O6  mol¬ 
ecules. 
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Binding  Energy  (eV,  relative  to  As^*^-As3d^2) 

Fig.  4.  As3ds/2  and  As3d  spectra  (1.4x  10^^  L  exposure).  The 
decomposed  As3d5,2  spectrum  clearly  shows  up  the  difTerent 
chemical  states  for  the  As  atoms  and  facilitates  the  determina¬ 
tion  of  their  binding  energy  position. 


4.  Conclusion 

This  study  of  the  oxidation  of  the  As-terminated 
Si(OOl)  surface  by  synchrotron  radiation  induced 
photoemission  of  the  Si2p  and  As3d  core  levels 


confirms  the  passivating  effect  of  an  As  layer  on 
silicon  and  shows  that  such  a  surface  presents 
a  much  stronger  resistance  to  O2  oxidation  than 
previously  reported  (the  onset  of  oxidation  is  in  the 
10^^  L  range).  We  have  evidenced  that  As/Si(001) 
oxidation  is  spatially  inhomogeneous  (a  fraction  of 
the  As  dimers  remains  intact  up  to  10^^  L  expo¬ 
sure);  it  is  not  limited  to  the  As  surface  either  since 
in-depth  Si  oxidation  is  observed.  A  reduction  of 
the  As  oxide  (As(III))  can  be  seen,  probably  by 
reaction  with  silicon  atoms,  leading  to  the  forma¬ 
tion  of  As  metal.  As  losses,  probably  via  the  subli¬ 
mation  of  AS4O6  molecules,  are  also  detected. 

As  the  clean  Si  surface  can  be  easily  restored  to 
its  pristine  state  in  removing  the  arsenic  layer  by 
thermal  desorption  at  moderate  temperature 
('^  SOO^'C  [2]  ),  capping  the  surface  with  As  pro¬ 
vides  a  very  convenient  and  efhcient  method  to 
protect  silicon  wafers  from  oxygen  contamination. 

W.N.R.  was  supported  by  a  FAPEMIG  grant. 
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Abstract 

The  oxidation  of  c-Si  and  a-Si :  H  in  dry  O2  and  in  H2O  steam  at  temperatures  ranging  from  800  to  1060°C  is  studied.  It 
is  shown  that  the  oxide  grows  on  a-Si:  H  film  linearly  with  time,  while  its  growth  on  c-Si  obeys  the  linear-parabolic  law. 
The  nature  and  magnitude  of  the  oxide  stress  depend  on  the  oxidizing  material  and  the  oxidation  conditions.  It  is 
suggested  that  the  observed  oxide  stress  behavior  is  related  to  the  different  types  of  hydrogenous  species  and  to  the 
difference  in  the  structure  of  the  oxidizing  material. 


1.  Introduction 

While  the  oxidation  kinetics  of  crystalline  silicon 
(c-Si)  in  dry  oxygen  has  been  well  investigated, 
there  is  still  some  uncertainty  in  the  literature  con¬ 
cerning  the  stress  behavior  and  its  influence  on  the 
oxidation  kinetics  when  the  Si  wafers  are  oxidized 
in  different  kinds  of  oxidation  ambient.  The  stress 
in  the  oxide  is  created  by  density  differences  be¬ 
tween  Si02  and  Si  substrate.  Therefore,  it  can  be 
expected  that  oxidation  of  porous  amorphous  Si 
(a-Si)  films  would  lead  to  a  decrease  of  the  oxide 
stress  in  the  prepared  Si”Si02  structures. 

This  paper  presents  a  brief  report  on  the  com¬ 
parative  study  of  c-Si  and  a-Si :  H  oxidation  kinetics 
emphasizing  the  role  of  oxide  stress. 


*  Corresponding  author.  Telefax:  +359-2  757  032. 


2.  Experimental  procedures 

Cz-Si  wafers  with  (1 1 1)  orientation  and  6-9 
n  cm  resistivity  were  used  as  substrates.  Two  types 
of  samples,  c-Si  wafers  (denoted  as  SiE)  and  hydro¬ 
genated  a-Si  (a-Si:H)  layers  deposited  onto  c-Si 
substrates  (denoted  as  SiA)  were  oxidized  in  sepa¬ 
rate  runs  at  temperatures  ranging  from  800  to 
lObO^'C  at  atmospheric  pressure  in  dry 
O2  (<3  ppm  H2O  content)  and  in  H2O  steam. 
Based  on  the  observation  that  the  out-diffusion  of 
hydrogen  from  the  a-Si :  H  layer  starts  in  molecular 
form  at  sufficiently  low  temperatures  --350°C)  [1] 
it  is  expected  that  during  a-Si :  H  oxidation  hydro¬ 
gen  is  released  to  some  extent  from  the  a-Si:H 
volume  and  contaminates  the  pure  oxygen  ambi¬ 
ent.  Entering  into  the  oxidizing  environment  hy¬ 
drogens  would  affect  the  oxidation  process  of  cry¬ 
stalline  silicon.  In  order  to  check  this  suggestion  the 
SiA  samples  were  placed  on  a  quartz  boat  together 
with  bare  c-Si  substrates  in  the  close  vicinity  to 
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each  other  and  then  they  were  simultaneously  oxi¬ 
dized  in  dry  oxygen.  In  this  case  a-Si:H  layers 
served  as  a  hydrogen  source  in  dry  O2  ambient. 
Here  the  oxidized  c-Si  substrates  are  denoted  as 
SiC  samples. 

Deposition  of  a-Si:H  layers  (30-40  nm)  onto  Si 
substrates  was  carried  out  in  a  PECVD  system  at 
a  temperature  of  270°C  using  a  gas  mixture  of  10% 
silane  in  hydrogen.  The  plasma  was  excited  by  a  rf 
generator  operating  at  frequency  of  13.56  MHz,  at 
a  power  density  of  48  mW  cm~^  and  at  a  gas  pres¬ 
sure  of  133  Pa.  These  deposition  conditions 
ensured  approximately  10%  of  hydrogen  incorpo¬ 
ration  in  the  a-Si:H  layer. 

Ellipsometric  measurements  at  room  temper¬ 
ature  were  used  for  determination  of  total  oxide 
stress  in  Si02  films.  The  latter  was  deduced  from 
the  refractive  index  values  using  a  first-order  com¬ 
pressibility  relationship  [2].  The  thickness  of  the 
oxides  and  their  refractive  index  were  determined 
by  using  an  LEE  3M-1  ellipsometer  at  fixed 
wavelength  of  632.8  nm  and  at  light  incidence  angles 
ranging  from  60°  to  75°.  The  accuracy  of  the  polari¬ 
zer,  analyzer  and  incidence  angles  is  within  +  0.01°. 
To  avoid  the  influence  of  the  backside  oxide  on  the 
stress  in  the  frontside  oxide  [3]  the  former  was 
etched  away  before  each  measurement.  The  intrinsic 
oxide  stress  was  obtained  by  subtraction  of  the 
thermal  component  from  the  total  stress  [4]. 

The  oxide  stress  is  determined  with  an  accuracy 
of  about  1  X  lO^dyncm'^.  In  the  case  of  a-Si:H 


oxidation  the  calculation  of  stress  from  the  refrac¬ 
tive  index  values  is  correct  only  for  oxide  thick¬ 
nesses  larger  than  30  nm  [5]. 


3.  Results  and  discussion 

The  kinetics  of  oxide  growth  on  c-Si  (SiE  and  SiC 
samples)  at  850°C  and  1060°C  can  be  well  de¬ 
scribed  for  the  thickness  range  used  by  a  lin¬ 
ear-parabolic  equations  [6],  in  which  the  con¬ 
stants’  value  depends  on  the  oxidation  conditions. 
Oxides  formed  from  a-Si;H  (Si A  samples),  how¬ 
ever,  do  not  follow  the  linear-parabolic  law  of 
growth.  In  this  case  the  oxide  grows  linearly  with 
time  until  it  reaches  the  a-Si/c-Si  interface.  If  the 
oxidation  process  continues  the  substrate  starts 
oxidizing  and  the  dependence  obtained  obeys  the 
linear-parabolic  law.  All  results  obtained  by  the 
approximation  of  the  experimental  kinetics  curves 
are  given  in  Table  1,  where  Lq  is  the  integration 
constant  related  to  the  initial  oxide  thickness, 
/Cl  and  Kp  are  the  linear  and  parabolic  rate  con¬ 
stants,  respectively.  A  smaller  value  of  /Cl  for  SiA 
samples  is  an  indication  of  a  slower  oxidation  of 
a-Si:H  than  of  c-Si.  However,  the  increase  of  the 
oxidation  rate  in  steam  is  much  higher  for  a-Si:H 
than  for  c-Si.  (see  the  ratio  of  Xl  steam//CL  dry)  For 
illustration  Fig.  I  shows  the  kinetics  of  oxide 
growth  in  dry  O2  at  850°C  and  1060°C  for  samples 
SiE,  SiA  and  SiC. 


Table  1 

Experimental  conditions  and  growth  kinetics  constants  of  amorphous  and  crystalline  silicon  oxidation 


Type  of  samples  Temperature 

(X) 

Oxidation  ambient 

Lq 

(nm) 

(nm/  min) 

Kp 

(nm^/min) 

SiE 

850 

Dry  O2 

1.46 

0.50 

26.00 

SiC 

850 

Dry  O2'' 

2.17 

0.62 

18.00 

SiA 

850 

Dry  O2 

9.8 

0.16 

_ 

SiE 

850 

Steam 

0.00 

2.56 

1073.27 

SiA 

850 

Steam 

7.0 

2.23 

_ 

SiA*^ 

850 

Steam 

6.72 

2.60 

1073.26 

SiE 

1060 

Dry  O2 

4.20 

4.78 

282.00 

SiC 

1060 

Dry  02"" 

4.70 

5.14 

270.00 

SiA 

1060 

Dry  O2 

12.00 

2.30 

_ 

SiA"^ 

1060 

Dry  O2 

10.50 

5.7 

201.00 

^  Oxygen  ambient  is  contaminated  with  hydrogen. 

^  The  c-Si  substrate  is  oxidized  after  the  consumption  of  the  whole  a-Si: 

H  film. 
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Fig.  1.  Si02  film  thickness  dependence  on  oxidation  time  at  850°C  (a)  and  lOhO^C  (b)  for  oxidation  of  c-Si  in  dry  oxygen  (A),  in  dry 
oxygen  contaminated  with  hydrogen  (□),  as  well  as  for  oxidation  of  a-Si :  H  in  dry  oxygen  (o).  The  dashed  line  shows  the  oxidation  of  c-Si 
substrate  after  the  consumption  of  the  a-Si:H  film.  The  solid  lines  are  as  guides  for  the  eye. 


The  oxidation  of  a-Si:H  is  accompanied  by 
a  short  crystallization  process.  The  Raman  spectro¬ 
scopy  measurements  have  shown  that  the  crystalli¬ 
zation  proceeds  during  the  first  few  minutes  and 
that  both  the  volume  fraction  of  crystallinity  and 
the  microcrystallite  size  do  not  change  with  pro¬ 
longed  thermal  treatment.  This  is  demonstrated  in 
Fig.  2  where  the  volume  fraction  of  crystallinity 
versus  time  for  a-Si  layer  annealed  in  N2  at  850°C  is 
shown. 

The  intrinsic  stress  in  the  oxides  grown  on  c-Si  is 
always  compressive.  The  oxidation  in  steam  causes 
the  smallest  stress,  while  contamination  of  O2  am¬ 
bient  with  hydrogen  leads  to  a  higher  level  of  stress 
than  that  characteristic  of  dry  oxidation.  At  low 
temperatures  the  oxidized  a-Si:H  films  are  com- 
pressively  stressed  and  the  level  of  stress  is  smaller 
than  that  for  dry  oxidation  of  c-Si.  With  increasing 
the  temperature  above  900°C  the  oxide  stress 
becomes  tensile.  The  results  are  summarized  in 
Fig.  3  where  the  intrinsic  oxide  stress  in  dependence 
on  oxidation  temperature  are  given  for  50-60  nm 
thick  oxides.  The  compressive  and  tensile  stresses 
are  plotted  with  negative  and  positive  signs,  respec¬ 
tively. 


Fig.  2.  Dependence  of  the  volume  fraction  of  crystallinity  on 
annealing  time  for  a-Si:H  layer  annealed  in  N2  at  850°C.  The 
lines  are  drawn  as  guides  for  the  eye. 

In  the  case  of  steam  oxidation  the  opening  up  of 
the  Si02  network  by  formation  of  SiOH  groups 
leads  to  a  strong  increase  of  the  oxidation  rate  and 
the  oxides  grow  in  a  relatively  stress-free  condition. 
However,  for  dry  oxidation  of  c-Si  the  addition  of 
a  small  amount  of  hydrogen  to  the  oxidizing  ambi¬ 
ent  leads  to  considerably  higher  stresses  and 
a  change  of  the  oxidation  rate.  Obviously,  the 
formation  of  SiOH  groups  does  not  dominate  here 
but  rather  hydrogen  diffuses  into  the  growing  oxide 
and  creates  additional  strain  in  it.  In  the  linear 
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Fig.  3,  Dependence  of  the  intrinsic  stress  on  oxidation  temper¬ 
ature  in  50-60  nm  thick  oxides  grown  on  c-Si  in  dry  oxygen  (A), 
in  dry  oxygen  contaminated  with  hydrogen  (□)  and  in  H^O 
steam  (T),  as  well  as  grown  on  a-Si:H  in  dry  oxygen  (o).  The 
lines  are  drawn  as  guides  for  the  eye, 

regime  the  oxidation  rate  is  limited  by  the  chemical 
reaction  between  the  free  silicon  atom  and  oxygen, 
and  any  stress  in  the  oxide  will  facilitate  the  disrup¬ 
tion  of  Si-Si  bonds  and  accelerate  the  process.  But 
in  the  thicker  oxides,  where  the  oxidation  process  is 
diffusion-controlled,  the  higher  the  stress  the  lower 
the  oxygen  diffusivity  and  lower  the  oxidation  rate. 
This  is  well  manifested  in  case  of  SiC  samples, 
where  larger  values  of  Lq  and  and  smaller  value 
of  Kp  predict  higher  oxide  stress,  as  it  is  observed. 
More  complicated  is  the  case  of  a-Si:H  oxidation. 
The  existence  only  of  a  linear  regime  in  the  oxide 
growth  suggests  that  the  oxidation  process  is  con¬ 
trolled  by  the  reaction  between  the  oxidant  and  the 
free  Si  atoms.  There  is  no  correlation  between  the 
rate  constants  and  the  oxide  stress.  The  oxidizing 
film  should  contain  a  large  amount  of  remaining 


hydrogen  which  would  behave  similarly  as  in  SiC 
samples.  But  this  is  not  observed  and  the  different 
oxidation  and  stress  behavior  is  rather  due  to  the 
difference  in  the  structure  of  the  oxidizing  material. 

4.  Conclusions 

It  has  been  established  that  oxidation  of  c-Si  and 
a-Si:H  can  be  characterized  by  linear-parabolic 
and  linear  dependence  on  oxidation  time,  respec¬ 
tively.  The  oxidation  rates  and  the  process-induced 
stress  depend  on  the  oxidizing  material  and  the 
oxidation  conditions.  The  results  obtained  suggest 
that  hydrogen  and  hydroxyl  groups  have  a  com¬ 
pletely  different  influence  on  the  stress  magnitude, 
as  the  former  increased  and  the  latter  decreased  the 
stress.  The  effect  of  Si  structure  is  more  complex 
and  ambiguous. 

This  work  was  supported  by  the  Bulgarian  Min¬ 
istry  of  Science  and  Education  under  Contract  No. 
F-95. 
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Abstract 

Fluorinated  interlayer  dielectric  films  for  ultra  large  scale  integrated  circuit  (ULSI)  multilevel  interconnections  are 
investigated.  The  interlayer  dielectric  film  properties  and  their  formation  techniques  have  to  meet  three  requirements 
such  as:  (1)  a  high  planarization  capability,  (2)  a  low  dielectric  constant  and  (3)  a  low  deposition  temperature.  To  satisfy 
the  three  requirements,  the  technologies  such  as  (i)  a  fluorinated  spin-on-glass  (SOG)  film  by  fluorotrialkoxysilane  vapor 
treatment  (FAST-SOG),  (ii)  a  fluorinated  SiO^  (SiOF)  film  by  room  temperature  chemical  vapor  deposition  (RTCVD- 
SiOF)  using  fluorotrialkoxysilane  (FTAS)  and  pure  water  as  gas  sources,  (hi)  a  room  temperature  liquid  phase  deposition 
(LPD)  Si02  film,  and  (iv)  fluorinated  polyimide  siloxane  (F-PSI)  films  are  desirable.  The  RTCVD,  FAST  and  LPD 
techniques  have  shown  the  possibility  to  reduce  the  film  formation  temperature  to  room  temperature  by  catalytic 
reactions.  The  dielectric  constant  for  Si02  films  can  be  reduced  to  3.7  at  1  MHz  by  using  the  RTCVD  and  LPD 
techniques.  The  dielectric  constant  of  2,7  at  1  MHz  can  be  achieved  for  the  F-PSI  films,  and  is  lower  than  those  for 
conventional  polyimide  films  (3, 2-3. 5)  and  Si02  films  (3.9-4.2).  Although  the  FAST-SOG,  RTCVD-SiOF  and  F-PSI 
films  cannot  achieve  full  planarization,  the  LPD  technique  can  achieve  both  global  and  local  planarization  because  this 
technique  has  high  capability  for  selective  Si02  film  deposition.  The  fluorinated  films  have  other  good  properties  such  as 
low  residual  stress,  low  residual  OH  contents  and  low  moisture  absorption,  which  can  enlarge  the  fabrication  margins  of 
multilevel  interconnections.  These  other  properties  are  also  very  effective  for  improving  the  ULSI  devices  performance. 


1.  Introduction 

Multilevel  interconnections  are  essential  to  real¬ 
ize  ultra  large  scale  integrated  circuits  (ULSIs)  such 
as  dynamic  random  access  memories  (DRAMs), 
microprocessors  (MPUs)  and  application  specific 
integrated  circuits  (ASICs),  The  Si02  films  have 
been  investigated  and  mainly  utilized  as  the  inter- 
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layer  dielectric  films.  Many  interlayer  dielectric  film 
formation  and  planarization  techniques  such  as 
chemical  vapor  deposition  (CVD)  [1-3],  spin  coat¬ 
ing  of  SOG  and  polyimide  [4,5],  and  biased  sput¬ 
tering  [6]  have  been  investigated.  However,  these 
conventional  techniques  cannot  be  implemented 
for  the  future  interlayer  dielectric  film  formation, 
because  the  film  properties  and  their  formation 
techniques  cannot  simultaneously  satisfy  the  three 
requirements  such  as  a  high  surface  planarization 
capability,  a  low  dielectric  constant  and  a  low  de¬ 
position  temperature.  Therefore,  new  dielectric  film 
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formation  techniques  will  be  desired,  especially  for 
quarter-micron  multilevel  interconnections.  The 
author  has  proposed  four  desirable  techniques  to 
satisfy  at  least  one  of  the  three  requirements.  They 
are:  (i)  a  fluorinated  spin-on-glass  films  by  fluoroa- 
Ikoxysilane  vapor  treatment  (FAST-SOG)  [7], 

(11)  a  fluorinated  Si02  films  by  room  temper¬ 
ature  chemical  vapor  deposition  (RTCVD-SiOF) 
using  fluorotrialkoxysilane  (FTAS)  and  pure 
water  as  gas  sources  [8,9],  (iii)  a  room  temperature 
liquid  phase  deposition  (LPD)  Si02  films  [10,11], 
and  (iv)  a  fluorinated  polyimide  siloxane  (F-PSI) 
films. 

The  purpose  of  this  paper  is  to  compare  the 
fluorinated  dielectric  films  with  each  other,  and  to 
clarify  the  vision  of  what  the  future  interlayer  di¬ 
electric  films  in  the  ULSI  multilevel  interconnec¬ 
tions  should  be.  The  fluorinated  film  properties  for 
the  interlayer  dielectric  application  will  be  de¬ 
scribed,  then  the  pros  and  cons  of  each  technique 
will  be  explained.  The  fluorinated  film  properties 
will  also  be  compared  with  non-fluorinated  films 
such  as  an  atmospheric  pressure  chemical  vapor 
deposition  (APCVD)  Si02  film  formed  using  tet- 
raethoxysilane  (TEOS)  and  ozone  (O3)  as  gas  sour¬ 
ces,  and  conventional  polyimide  siloxane  (PSI)  film 

[12] . 


2.  Experimental  procedure 

2.1.  Film  formation  processes 

2.1.1.  Inorganic  films 

F AST-SOGfibn  [7].  In  this  work,  a  silanol-based 
solution  is  used  for  the  SOG  films  formation. 
Fluorotriethoxysilane  [FSi(OC2H5)3]  (FTES) 
monomer  solution  was  used  for  fluoroalkoxysilane 
vapor  treatment  (FAST)  process.  The  FAST  pro¬ 
cess  sequence  for  SOG  films  was:  (i)  spin  coating 
the  SOG  solution  on  silicon  (Si)  substrates  at  a  spin 
speed  of  4000  rpm  for  20  s,  followed  by  (ii)  hot  plate 
baking  at  100°C  for  60s,  then  (iii)  exposing  the 
SOG  films  to  FTES  vapor  at  25°C  for  120  min  in 
a  chamber  at  760Torr,  finally  (iv)  annealing  at 
300°C  for  60  min  in  nitrogen  (N2)  atmosphere.  The 
hot  plate  baked  SOG  and  FAST-SOG  films  thick¬ 
nesses  were  0.24  and  0.25  pm,  respectively. 


RTCVD-SiOF  film  [8].  The  SiOF  film’s  depos¬ 
ition  was  carried  out  with  a  low  pressure  chemical 
vapor  deposition  (LPCVD)  system.  Gas  flow  rates 
for  FTES  and  pure  water,  with  nitrogen  as  the 
carrier  gas,  were  100  and  75  seem,  respectively. 
Bubbling  temperatures  for  FTES  and  pure  water 
were  set  at  50°C.  Total  gas  pressure  in  the  chamber 
was  5  Torr.  The  deposition  rate  was  10  nm/min. 

LPD-Si02  film  [10].  A  hydrofluosilicic  acid 
(H2SiF6)  solution  saturated  with  Si02  was  used  for 
the  LPD-Si02  films  deposition.  In  order  to  make 
the  saturated  H2SiF6  solution  supersaturated, 
a  boric  acid  (H3BO3)  aqueous  solution  with  the 
concentration  of  0.1  mol/1  was  used.  The  LPD- 
Si02  films  were  deposited  on  Si  substrates  at  35'’C. 
The  deposition  rate  was  0.3  nm/min. 

TEOS-0^  Si02  film  (non-fiuorinated)  [8].  As 
a  comparison,  TEOS-O3  Si02  films  were  formed 
under  atmospheric  pressure  at  the  substrate  tem¬ 
perature  of  350''C.  Bubbling  temperature  for  TEOS 
was  set  at  50''C.  Gas  flow  rate  of  nitrogen  for  TEOS 
bubbling  was  1  SLM,  and  ozone  concentration  was 
3%.  The  films  deposition  rate  was  70  nm/min. 

2.1.2.  Organic  films 

F-PS!  films.  Two  types  of  polyamic  acid  solu¬ 
tions  to  form  the  F-PSI  films  were  prepared.  One  is 
for  the  films  (F-PSI  1),  using  4,4 -(hexafluoroisop- 
ropylidene)bis(phthalic  anhydride)  (6FDA)  as 
a  dianhydride  monomer.  The  other  is  for  the  films 
(F-PSI2),  using  2,2-bis{4-(4'-aminophenoxy) 
phenylj-hexafluoropropane  (BDAF)  as  a  part  of 
diamine  monomers.  The  polyamic  acid  solution  for 
F-PSI  1  films  was  prepared  by  the  reactions  among 
6FDA,  paraphenylenediamine  (PPDA)  and  p- 
aminophenyltrimethoxysilane(APTMS).  The  solu¬ 
tion  for  F-PSI2  films  was  also  prepared  by  the 
reactions  among  BDAF,  benzophenonetetracar- 
boxylic  dianhydride  (BTDA)  and  APTMS.  A 
solution  for  conventional  PSI  films  (PSI)  was  also 
prepared  by  the  reactions  among  benzophenonetet- 
racarboxylic  dianhydride  (BTDA),  oxydianiline 
(ODA)  and  APTMS  [12].  Dimethylacetamide  was 
employed  as  the  solvent.  The  typical  solid  contents 
in  the  solutions  for  F-PSI  1,  F-PSI2  and  conven¬ 
tional  PSI  films  formation  were  28.5,  28.1  and 
30  wt%,  respectively.  The  films  were  formed  by 
spin  coating  the  solutions,  followed  by  two  step 
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prebakings  at  100°C  for  1  min  on  a  hot  plate  and 
250°C  for  30  min  in  an  oven  with  N2  atmosphere. 
The  films  were  postbaked  at  400°C  for  60  min  in 
a  furnace  with  N2  atmosphere. 

2.2.  Application  to  interlayer  dielectric  films 

The  application  capability  of  the  fluorinated 
films  for  the  interlayer  dielectrics  was  investigated. 
To  clarify  the  gap  filing  and/or  surface  planariz¬ 
ation  capabilities,  the  films  were  formed  on  1  pm 
thick  aluminum  (Al),  or  0.7  pm  thick  tungsten  (W) 
wirings  with  0.1  pm  thick  titanium  tungsten  (TiW) 
underlayers.  For  the  FAST-SOG  film,  the  inter¬ 
layer  dielectric  films  planarization  process  is  as 
follows.  The  Al  wirings  were  covered  with  a  0.3  pm 
thick  Si02  film  formed  by  a  plasma  enhanced 
chemical  vapor  deposition  (PECVD)  technique. 
The  double-layered  FAST-SOG  films  were  formed 
without  any  intermediate  annealing,  where  the 
FAST  process  time  was  fixed  for  60  min.  Next,  the 
samples  were  post-annealed  at  300°C  for  60  min, 
followed  by  the  formation  of  another  0.3  pm  thick 
PECVD-Si02  film.  For  the  LPD-Si02  film,  the 
selective  deposition  technique  was  applied  to 
W  wirings  for  gap  filling.  The  W  patterns  with 
photoresist  masks,  which  were  formed  on  a  thermal 
CVD-Si02  film,  were  used  for  this  experiment.  The 
thermal  CVD-Si02  films  were  formed  at  400°C 
under  atmopsheric  pressure  using  silane  and  oxy¬ 
gen  as  source  gases.  The  processes  for  other  films 
formation  are  the  same  as  those  mentioned  in 
Section  2.1.  (film  formation  processes).  The  gap 
filling  and/or  surface  planarization  characteristics 
were  observed  by  a  scanning  electron  microscopy 
(SEM).  Local  and  global  planarization  degrees 
(PD)  were  evaluated  from  the  SEM  pictures,  using 
the  following  formula: 

PD  (local)  =  (1  -  tsi/to)  X  100  (%)  ,  (1) 

PD  (global)  -  (1  -  ts2/to)  X  100  (%),  (2) 

where  to  is  wirings  step  height,  tsi  is  dielectric 
films  step  height  at  narrow  gaps,  and  ts2  is  di¬ 
electric  films  step  height  between  wirings  and  field 
regions. 


2.3.  Other  properties  of  films 

Chemical,  physical,  thermal  and  electrical  proper¬ 
ties  of  the  fluorinated  films  were  investigated,  and 
their  interrelationships  were  examined.  Fluorine 
atomic  concentrations  and  their  uniformities  across 
the  films  were  analyzed  by  secondary  ion  mass 
spectroscopy  (SIMS).  The  films  refractive  index, 
thickness,  and  Fourier  transform  infrared  (FTIR) 
spectra  were  measured  by  using  Auto  EL  IV 
(Rudolph  Research),  Nano  Spec/AFT  Model  200 
(Nanometrics),  and  Model  QS-lOO  (Bio-Rad),  re¬ 
spectively.  The  films  density  was  calculated  from 
the  films  weight  and  volume,  where  the  films  weight 
was  measured  by  using  an  electrical  microbalance. 
The  thermal  stress  variations  in  a  heating  cycle  for 
the  fluorinated  Si02  films  formed  on  500  pm  thick 
4  in  Si  substrates  were  measured  by  using  an  in  situ 
wafer  displacement  measurement  system,  FIS- 1000 
(Shinku-riko  Inc.).  The  temperature  was  increased 
from  25°C  at  a  rate  of  19.8°C/min,  stayed  at  the 
maximum  temperature  for  30  min,  and  then  de¬ 
creased  back  to  25°C  at  the  same  rate.  Residual 
stress  values  for  the  films  formed  on  4  in  (100)- 
oriented  Si  substrates  were  calculated  from  the  re¬ 
sidual  wafer  warpage  [13].  Etching  rate  of  the  films 
was  measured  by  using  1:30  buffered  hydrofluoric 
(HF)  acid  aqueous  solution.  Leakage  current  dens¬ 
ities  were  measured  by  applying  a  negative  voltage 
to  the  Al  electrodes  of  an  Al/fluorinated  films/p-Si 
structure,  where  the  Al  electrode  area  is  1  mm^.  The 
dielectric  breakdown  strength  was  determined  by 
the  electric  field  at  the  leakage  current  density  of 
1  pA/cm^.  The  films  dielectric  constant  was  cal¬ 
culated  from  the  maximum  capacitance  values  in 
the  capacitance-voltage  (C-V)  characteristics 
measured  at  1  MHz,  using  the  same  structure  sam¬ 
ples  as  those  used  for  the  leakage  current  measure¬ 
ments. 


3.  Results  and  discussion 

3.1.  Application  to  interlayer  dielectric  films 

Figs.  l(a)“{c)  show  SEM  cross-sectional  views 
of  the  FAST-SOG,  0.8  pm  thick  RTCVD-SiOF 
and  0.8  pm  thick  LPD-Si02  films  formed  on  the 
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Organic  Films 


Fig.  1.  SEM  cross-sectional  views  of  the  inorganic  and  organic  films  formed  on  the  substrates’  surfaces  with  A1  or  W  wirings,  where  (a), 
(b),  (c),  (d),  (e),  (f)  and  (g)  are  for  the  FAST-SOG,  RTCVD-SiOF,  LPD-SiOa,  TEOS-O3  Si02,  F-PSIl,  F-PS12  and  conventional  PSI 
films,  respectively.  The  FAST-SOG  film  is  sandwiched  between  the  PECVD-Si02  films  and  the  LPD-Si02  film  is  selectively  deposited 
between  the  W  wirings. 


substrates  surfaces  with  A1  or  W  wirings,  respec¬ 
tively.  The  0.8  pm  thick  TEOS-O3  Si02  film  for¬ 
med  on  the  substrate  surface  with  A1  wirings  is 
shown  in  Fig.  1(d),  as  comparison.  Figs.  1(e)  and  (f) 


show  the  F-PSIl  and  F-PSI2  films  formed  on  the 
substrates  surfaces  with  A1  wirings,  respectively,  as 
compared  to  the  conventional  PSI  film  which  is 
shown  in  Fig.  1(g).  The  films  thicknesses  on  the  A1 
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Table  1 

Summary  of  the  three  criteria  for  the  interlayer  dielectric  films 


Property 

Inorganic  films 

Organic  films 

FAST-SOG 

RTCVD-SiOF 

LPD-SiO, 

TEOS-O3  SiO, 

F-PSIl 

F-PSI2 

PSI 

Formation  temperature  (  C) 

25 

25 

35 

-400 

400 

400 

400 

Dielectric  constant 

— 

3.7 

3.7 -3.9 

4.3 

2.7 

2.8 

3.2 

at  1  MHz 

Planarization  degree*'  {%) 

global 

13 

0 

90 

0 

30 

42 

54 

local 

81 

33 

90 

87 

96 

92 

92 

Planarization  degree  (PD)  =  (1  -  x  100  (%)  ,  where  t^\  wiring  height,  r.  step  height  at  the  dielectric  films’  surface. 


wirings  are  1  |im.  No  crack  or  void  is  observed  for 
any  of  the  films.  However,  peeling  from  underlayer 
PECVD-Si02  film  is  observed  for  the  F-PSIl  film. 
This  problem  is  due  to  thermal  decomposition  of 
the  F-PSI2  film. 

Table  1  summarizes  film  formation  temper¬ 
atures,  dielectric  constant  and  degree  of  planariz¬ 
ation,  which  are  the  three  major  crirteria  for  the 
interlayer  dielectric  films.  For  the  inorganic  films, 
the  FAST,  RTCVD  and  LPD  techniques  can  re¬ 
duce  the  films  formation  temperature  to  25-35°C, 
due  to  the  catalytic  reactions  by  fluorine  [14].  The 
dielectric  constant  at  the  frequency  of  1  MHz  can 
be  reduced  to  3,8  by  fluorination  of  Si02  films. 
For  the  organic  films,  the  dielectric  constant  at 
1  MHz  can  be  reduced  from  3.2  to  2. 7-2.8  by  fluor¬ 
ination  of  the  PSI  films.  These  reductions  of  dielec¬ 
tric  constant  is  due  to  polarization  reduction  by 
fluorine  atoms.  For  the  degrees  of  global  planariz¬ 
ation,  the  selective  LPD-Si02  film  shows  the  high¬ 
est  values  of  90%.  With  the  RTCVD-SiOF  and 
TEOS-O3  Si02  films,  it  is  almost  impossible  to 
achieve  the  global  planarization.  For  local  planar¬ 
ization,  the  organic  films  have  higher  capability 
than  inorganic  films,  except  for  the  LPD-Si02 
films.  This  is  because  the  thick  organic  films  can  be 
formed  by  spin-coating  techniques.  Since  these  flu- 
orinated  interlayer  dielectric  films  and  their  forma¬ 
tion  techniques  can  satisfy  at  least  one  of  the  three 
requirements  mentioned  previously,  these  tech¬ 
niques  are  very  desirable  for  the  interlayer  dielectric 
films  formation. 


Fig.  2.  SIMS  depth  profiles  of  fluorine  atoms  for  the  FAST- 
SOG,  RTCVD- SiOF  and  LPD-SiO,  films. 


3.2.  Other  properties  of  films 
3.2.1.  Inorganic  films 

Fig.  2  shows  SIMS  depth  profiles  of  fluorine 
atoms  for  the  FAST-SOG,  RTCVD-SiOF  and 
LPD-Si02  films.  For  the  RTCVD-SiOF  and  LPD- 
Si02  films,  fluorine  atoms  are  uniformly  distrib¬ 
uted  across  the  films  with  the  concentrations  of 
about  5.3  X  10^^  and  1.4  x  10^^  atoms/cm^,  respec¬ 
tively.  For  the  FAST-SOG  film,  fluorine  atoms  are 
piled  up  near  the  interface  between  the  Si  substrate 
surface  and  the  film.  This  is  due  to  the  out  diffusion 
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Wavenumber  (cm'^) 


Fig.  3.  FTIR  spectra  for  (a)  FAST-SOG,  (b)  RTCVD-SiOF  and 
(c)  LPD-Si02  films,  as  compared  with  that  for  (d)  TE0S'03 
Si02  film. 


of  fluorine  or  FTES  from  the  FAST-SOG  films 
during  the  annealing  at  300‘^C.  The  fluorine  con¬ 
centration  near  the  films  surface  is  about 
2.2  X  10^®  atoms/cm^. 

Fig.  3  shows  FTIR  spectra  for  the  FAST-SOG, 
RTCVD-SiOF  and  LPD-Si02  films,  as  compared 
with  that  for  the  TEOS-O3  Si02  film.  For  the 
FAST-SOG  film,  three  absorption  peaks  corres¬ 
ponding  to  Si-F  and  Si-O  bonds,  and  OH  group 
are  observed  at  the  wave  numbers  of  930,  1075  and 
3400  cm~\  respectively.  The  Si-O  bond  absorp¬ 
tion  peak  position  is  the  same  as  that  of  the  TEOS- 
O3  Si02  film.  The  absorption  peak  intensity  of  the 
OH  group  is  weaker  than  that  of  the  TEOS-O3 
Si02  film.  For  the  RTCVD-SiOF  film,  two  absorp¬ 
tion  peaks  corresponding  to  Si-F  and  Si-O  bonds 


0  100  200  300  400  500 

Temperature  (°C) 


Fig.  4.  Stress  variations  during  a  heating  cycle  for  the  FAST- 
SOG,  RTCVD-SiOF  and  LPD-Si02  films,  as  compared  with 
the  TEOS-O3  Si02  film. 


are  observed  at  the  wave  numbers  of  930  and 
1080  cm”  \  respectively.  The  absorption  peak  posi¬ 
tion  of  the  Si-O  bond  for  the  RTCVD-SiOF  film  is 
higher  than  those  for  the  FAST-SOG  (1075  cm“^) 
and  TEOS-O3  Si02  (1075  cm"^)  films.  The  ab¬ 
sorption  peak  corresponding  to  OH  group  is  not 
observed  in  the  RTCVD-SiOF  film  spectrum.  The 
spectrum  for  the  LPD-Si02  film  also  has  two  ab¬ 
sorption  peaks  corresponding  to  Si-F  and  Si-O 
bonds  at  the  wave  numbers  of  930  and  1090  cm”  \ 
respectively.  The  absorption  peak  position  of  the 
Si-O  bond  for  the  LPD-Si02  film  is  higher  than 
those  for  the  FAST-SOG,  RTCVD-SiOF  and 
TEOS-O3  Si02  films.  No  absorption  peak  of  OH 
group  is  observed  in  the  spectrum  of  the  LPD-Si02 
film.  The  shift  of  the  Si-O  bond  absorption  peak 
position  to  the  high  wave  numbers  indicates  tightly 
bonded  Si-O  networks.  Therefore,  the  Si-O  bond 
quality  for  the  fluorinated  films,  even  for  the  FAST- 
SOG  films,  is  higher  than  that  for  the  TEOS-O3 
Si02  film.  This  high  quality  of  Si-O  bond  is  due  to 
the  fluorine  atoms  which  have  higher  elec¬ 
tronegativity  (4.0)  than  oxygen  atoms  (3.5). 

Fig.  4  shows  stress  variations  during  a  heating 
cycle  for  the  FAST-SOG,  RTCVD-SiOF  and 
LPD-Si02  films,  as  compared  with  the  TEOS-O3 
Si02  film.  The  stress  variations  and  residual  stress 
during  the  heating  cycle  for  the  fluorinated  films 
are  lower  than  those  for  the  TEOS-O3  Si02  film. 
The  generated  tensile  stress  during  the  heating 
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Table  2 

Other  properties  of  the  fluorinated  inorganic  films,  as  compared  to  the  TEOS-O3  Si02  him 


Property 

Inorganic  films 

FAST-SOG 

RTCVD-SiOF 

LPD-SiO. 

TEOS-O3  SiO, 

Refractive  index 

1.398 

1.400 

1.433 

1.451 

Density  (g/cm^) 

2.20 

2.20 

2.19 

2.11 

Etching  rate 
(1:30  BHF)  (nm/min) 

>  500 

200 

83 

120 

Residual  tensile 
stress  (MPa) 

74 

50 

20 

200 

Moisture  absorption^ 

(wt  %) 

2.0 

Leakage  current 
density’’  (pA/cm") 

2250 

190 

38 

88 

Dielectric  breakdown 
strength*"  (MV/cm) 

2.0 

6.3 

2.7 

^  After  30  days  in  pure  water  at  23“C. 
^  At  5  V  for  1  |im  thick  films. 

"  At  1  pA/cm^. 


cycle  for  the  fluorinated  films  is  lower  than 
120  MPa  at  maximum  temperatures,  and  is  at  least 
70%  lower  than  that  for  the  TEOS-O3  Si02  film. 
The  residual  stress  values  after  conducting  the  heat¬ 
ing  cycle  for  the  fluorinated  films  are  lower  than 
75  MPa,  and  are  at  least  40%  lower  than  that  for 
the  TEOS-O3  Si02  film.  These  low  stress  vari¬ 
ations  and  low  residual  stress  values  are  due  to 
small  amount  of  residual  OH  group.  The  fluorine 
contained  in  the  films  is  also  effective  for  the  stress 
relaxation  [15]. 

Table  2  summarizes  other  properties  of  the  fluor¬ 
inated  inorganic  films,  compared  to  the  TEOS-O3 
Si02  film.  Refractive  indexes  for  the  fluorinated 
inorganic  films  are  lower  than  that  for  the  TEOS- 
O3  Si02  film,  due  to  fluorine  atoms  [16].  The 
densities  of  the  fluorinated  inorganic  films  are  very 
close  to  each  other,  and  higher  than  that  of  the 
TE0S-03  Si02  film.  This  high  film  density  is  due 
to  tightly  bonded  Si-O  networks,  and  to  containing 
fluorine  atoms  which  are  heavier  than  oxygen 
atoms.  Etching  rates  for  the  FAST-SOG  and 
RTCVD-SiOF  films  are  higher  than  that  for  the 
TEOS-O3  Si02  film.  This  difference  is  because  the 
fluorine  atoms  contained  in  the  fluorinated  films 
will  dissolve  into  the  etching  solution  and  sub¬ 


sequently  increase  the  HF  concentration.  For  the 
LPD-Si02  film,  the  etching  rate  is  lower  than  that 
for  the  TEOS-O3  Si02  film.  This  is  due  to  tightly 
bonded  Si-O  networks  as  mentioned  in  the  FTIR 
spectrum  analysis  results.  Residual  stress  values  for 
the  fluorinated  inorganic  films  are  lower  than  that 
for  the  TEOS-O3  Si02  film.  Especially  for  the 
LPD-Si02  film,  the  residual  stress  value  is  by  one 
order  of  magnitude  lower  than  that  for  the 
TEOS-O3  Si02  film.  The  low  stress  values  for  the 
fluorinated  inorganic  films  are  due  to  lower  depos¬ 
ition  temperature  and  lower  deposition  rate,  com¬ 
pared  to  the  TEOS-O3  Si02  film.  It  is  also 
considered  that  the  fluorine  atoms  in  the  films  will 
relax  the  stress  [15].  Leakage  current  densities  for 
the  FAST-SOG,  RTCVD-SiOF  and  LPD-Si02 
films  are  about  2500%,  200%  and  43%  of  that  for 
the  TEOS-O3  Si02  film,  respectively.  Dielectric 
breakdown  strength  for  the  LPD-Si02  film  is  much 
higher  than  that  for  the  TEOS-O3  Si02  film.  Al¬ 
though  the  dielectric  breakdown  strength  for  the 
RTCVD-SiOF  film  is  lower  than  that  for  the 
TEOS-O3  Si02  film,  the  value  is  sufficient  for  the 
interlayer  dielectric  film  application.  These  results 
indicate  that  other  properties  of  the  fluorinated 
inorganic  films,  even  for  the  FAST-SOG  film,  are 
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Fig.  5.  Illustrations  of  the  chemical  structures  of  oligomers  for  (a)  F-PSIl,  (b)  F-PSI2  and  (c)  conventional  PSI  films. 


sufficiently  good  for  the  interlayer  dielectric  film 
application. 

i.2.2.  Organic  films 

Figs.  5{aHc)  show  illustrations  of  the  speculated 
chemical  structures  for  the  oligomers  of  F-PSIl, 
F-PSI2  and  conventional  PSI  films,  respectively. 
The  Si-O  bonds  of  oligomers  end  group  are  ar¬ 
ranged  in  a  way  to  make  the  polymerization  reac¬ 
tions  three-dimensional,  and  to  promote  the 
adhesion  to  inorganic  films  such  as  silicon  oxide 
and  silicon  nitride  films.  F-PSIl  and  F-PSI2  films 
have  hexafluoro-propane  segments  in  their  chem¬ 
ical  structures.  Figs.  6(aHc)  show  FTIR  spectra  for 
the  F-PSIl,  F-PSI2  and  conventional  PSI  films, 
respectively.  The  absorption  peaks  corresponding 
to  carbonyl  bonds  (C  =  O)  of  imide  structures  are 
observed  at  the  wave  numbers  of  1725  and 
1775  cm"  ^  in  the  FTIR  spectra  for  the  F-PSIl, 
F-PSI2  and  conventional  PSI  films.  The  absorp¬ 
tion  peak  corresponding  to  silicon  oxide  (Si-O) 
bonds  is  also  observed  at  the  wave  number  of 
1080  cm"  ^  in  the  spectra  for  all  the  films.  For  the 


F-PSIl  and  F-PSI2  films,  the  absorption  peak  cor¬ 
responding  to  fluorocarbon  (C-F)  bonds  is  ob¬ 
served  at  the  wave  number  around  il60cm"^ 
These  results  indicate  that  the  F-PSIl  and  F-PSI2 
films  contain  fluorocarbon  segments,  as  illustrated 
in  Fig.  5. 

The  amounts  of  moisture  absorption  for  the 
F-PSIl,  F-PSI2  and  conventional  PSI  films  were 
0.3, 0.6  and  2.3  wt%,  respectively,  indicating  that  the 
moisture  absorption  for  the  F-PSI  films  are  lower 
than  that  for  the  conventional  PSI  film.  This  low 
moisture  absorption  is  due  to  hydrophobic  proper¬ 
ties  of  C-F  bonds  contained  in  the  F-PSI  films.  The 
residual  tensile  stress  values  for  the  F-PSI  1,  F-PSI2 
and  conventional  PSI  films  were  44, 17  and 
35  MPa,  respectively.  These  values  are  sufficiently 
low  for  the  interlayer  dielectric  film  application. 
The  leakage  current  densities  at  5  V  for  the  1  pm 
thick  F-PSIl,  F-PSI2  and  conventional  PSI  films 
were  6,  5  and  13  pA/cm^,  respectively,  and  are  over 
one  order  of  magnitude  lower  than  those  for  inor¬ 
ganic  fluorinated  films.  The  leakage  current  densit¬ 
ies  for  the  F-PSIl  and  F-PSI2  films  are  lower 


58 


T.  Momma  I  Journal  of  Non-Crystalline  Solids  187  (1995)  49 . 59 


4000  3000  2000  1000  400 


Wavenumber  (cm*^) 

Fig.  6.  FTIR  spectra  for  (a)  F-PSIl  and  (b)  F-PSI2  films,  as 
compared  to  (c)  conventional  PSI  film. 

than  that  for  the  conventional  PSI  films,  and  are 
sufficiently  low  for  the  interlayer  dielectric  films 
application.  Since  the  leakage  current  increments 
for  the  polyimide  films  are  generally  explained  as 
being  due  to  hydrolysis  of  the  imide  satructure,  this 
low  leakage  current  increments  for  the  F-PSI  films 
are  due  to  low  moisture  absorption.  Dielectric 
breakdown  strength  for  the  F-PSI  1,  F-PSI2  and 
conventional  PSI  films  were  2.8,  4.8,  3.0  MV/cm, 
respectively.  These  values  are  high  enough  for  the 
interlayer  dielectric  films  application.  The  chemical, 
physical  and  electrical  properties  of  the  F-PSI  films 
are  more  useful  for  the  interlayer  dielectric  films,  as 
compared  with  the  conventional  PSI  film. 

4.  Conclusions 

Fluroinated  interlayer  dielectric  films  for  ULSI 
multilevel  interconnections  have  been  investigated. 


The  four  flourinated  dielectric  films  such  as  (i) 
FAST-SOG,  (ii)  RTCVD-SiOF,  (iii)  LPD-Si02, 
and  (iv)  F-PSI  films  can  satisfy  at  least  one  of  the 
three  requirements  such  as  (1)  a  high  planarization 
capability,  (2)  a  low  dielectric  constant  and  (3)  a  low 
deposition  temperature.  The  FAST,  RTCVD  and 
LPD  techniques  can  reduce  the  Si02  films  forma¬ 
tion  temperatures  to  around  room  temperature 
through  the  catalytic  behavior  of  fluorine.  The  di¬ 
electric  constants  for  the  Si02  and  polyimide  films 
can  be  reduced  by  fluorination.  The  fluorinated 
films  have  other  properties  such  as  a  low  residual 
stress,  low  residual  OH  contents  and  low  mositure 
absorption  which  can  enlarge  the  multilevel  inter¬ 
connections  fabrication  margins  and  subsequently 
improve  the  manufacturing  yield.  These  other 
properties  are  also  very  effective  for  improving  the 
ULSI  devices  performance.  At  the  present  time,  the 
selective  LPD  technique  is  the  best  way  to  form  the 
interlayer  dielectric  films,  because  this  technique 
can  achieve  the  three  requirements  simultaneously. 
The  fluorinated  interlayer  dielectric  films  are  useful 
for  the  future  quarter-micron  ULSI  multilevel  in¬ 
terconnections  and  their  fabrication. 
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Abstract 

In  order  to  match  shrinking  lateral  dimensions  in  ULSI  devices,  there  will  be  a  need  to  reduce  equivalent  oxide 
thicknesses  for  gate  dielectrics  to  at  least  5™6  nm,  and  perhaps  to  as  thin  as  ~3nm.  This  reduction  will  have  to 
be  accomplished  with  low  thermal  budget,  and  more-than-likely  low  temperature  processing  as  well.  In  this  paper 
the  important  processing  steps  required  for  formation  of  ultra-thin  gate  oxides  by  thin  film  deposition  as  contrasted 
with  conventional  thermal  oxidation,  or  the  emerging  technique  of  rapid  thermal  oxidation  (RTO),  are  identified. 
Several  different  low  thermal  budget/low-temperature  processing  alternatives  are  identified  in  which  interface  form¬ 
ation,  bulk  oxide  deposition,  and  structural  and  chemical  relaxation  are  performed  separately  and  controlled  indepen¬ 
dently. 


1.  Introduction 

As  device  dimensions  shrink  into  the  deep  sub¬ 
micron  regime,  <  0.25  pm,  there  will  be  a  need  to 
reduce  the  equivalent  oxide  thickness  of  gate  dielec¬ 
trics  for  field  effect  transistors  (FETs)  to  at  least 
5-6  nm  and  even  less.  In  some  instances  this  may 
mandate  the  use  of  deposited  rather  than  thermally 
grown  oxides,  simply  because  the  processing  tem- 
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peratures  and/or  thermal  budgets  required  for  the 
thermally  grown  or  rapid  thermal  oxidation 
(RTO)  oxides  are  too  high  to  prevent  diffusion  and 
spreading  of  junction  boundaries  within  devices. 
Devices  with  deposited  oxides  will  be  required  to 
have  performance  and  reliability  equivalent  to 
those  employing  conventional  furnace-grown  or 
RTO  oxides.  This  paper  discusses  processing 
studies  that  have  lead  to  the  evolution  of  a 
three-step  approach  to  gate  dielectric  formation 
in  which  interface  formation,  bulk  oxide  depos¬ 
ition,  and  chemical  and/or  structural  relaxation  are 
separately  and  independently  optimized  and  con¬ 
trolled. 
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2.  Processing  steps  for  gate  dielectrics 

2.7.  Pre-deposition  surface  processing  and  passiva¬ 
tion 

Pre-deposition  treatment  of  the  Si  surface  that 
will  be  in  contact  with  the  gate  oxide  is  crucial  to 
obtaining  device-quality  performance  and  reliabi¬ 
lity.  This  has  been  separated  into  two  steps:  (i)  an  ex 
situ  hot  RCA  clean,  followed  by  a  rinse  in  dilute 
HF;  and  (ii)  an  in  situ  plasma  assisted  surface/clean¬ 
ing  passivation  step,  where  two  different  in  situ 
passivation  approaches  have  been  investigated 
[1,2].  To  evaluate  these,  one  has  to  characterize  the 
surface  of  the  Si(lOO)  wafer  after  the  RCA  clean 
and  HF  rinse,  upon  insertion  of  the  Si(lOO)  sub¬ 
strate  into  a  UHV-compatible  processing  system. 
This  has  been  accomplished  in  several  different 
multi-chamber  systems  which  provide  on-line 
Auger  electron  spectroscopy  (AES)  for  chemical 
characterization,  and  either  back-view  low  energy 
electron  diffraction  (LEED)  or  reflection  high 
energy  electron  diffraction  (RHEED).  Upon  initial 
examination,  the  ex  situ  processed  Si(lOO) 
H-terminated  surfaces  have  a  1  x  1  symmetry,  and 
show  residual  C-atom  and  O-atom  contamination 
with  --2-10  at.%  surface  coverages.  Exposure  to 
plasma-generated  H  (i)  removed  residual  C  to  be¬ 
low  the  level  of  AES  detection  (--5  x  10^"^  cm”^) 
after  2  min,  but  (ii)  did  not  remove  residual  O  for 
exposure  times  as  long  as  5  min  [2].  Studies  of 
Si-Si02  interfaces  (with  oxides  formed  by  the  re¬ 
mote  plasma-deposition  process  described  below) 
by  high  resolution  transmission  electron  micro¬ 
scopy  (HRTEM-lattice  imaging)  indicated  con¬ 
siderable  surface  roughening  after  the  H-treatment 
with  facet  formation  in  the  (111)  directions.  Elec¬ 
trical  studies  of  capacitors  indicated  poor  perfor¬ 
mance,  the  details  of  which  will  be  discussed  in  the 
next  section. 

This  H-treatment  was  replaced  by  a  pre-depo¬ 
sition  oxidation  process  [1],  which  when  combined 
with  either  (i)  low  temperature  (300  ‘^C)  plasma-as¬ 
sisted  deposition  (remote  PECVD)  or  (ii)  rapid 
thermal  chemical  vapor  deposition  (RTCVD) 
yields  much  improved  electrical  performance  [2]. 
The  source  gas  for  the  oxidation  step  was  O2,  and 
the  source  gases  for  the  PECYD  [2]  and  RTCVD 


[3]  oxide  depositions  were  N2O  and  SiH^.  The 
oxidation  step  (i)  removes  residual  C-atom  con¬ 
tamination  to  a  level  of  --10^^  cm“^  (SIMS),  (ii) 
promotes  formation  of  a  low  defect  density  Si-Si02 
interface  (Djt'- 1-3  x  10^®  cm"^eV"^)  that  can 
withstand  processing  temperatures  to  at  least 
900°C,  (ii)  forms  --Q. 5-0.6  nm  of  Si02  which  serves 
as  a  platform  for  the  oxide  depositions,  and  (iv) 
prevents  uncontrollable  incorporation  of  N-atoms 
at  the  Si-Si02  interface  during  oxide  deposition 
from  N2O,  thereby  preventing  increases  in  Da. 
A  similar  process  has  been  used  with  other  remote 
PECVD  dielectrics:  silicon  oxynitride  alloys  [4] 
and  Si02/Si3N4  composites  [5]  ;  however,  in  these 
cases  the  gate  dielectric  structure  requires  a  rapid 
thermal  annealing  (RTA)  step  at  900°C  for  30  s  to 
have  properties  similar  to  those  quoted  above  for 
the  oxide  dielectrics.  A  further  refinement  of  the 
oxidation  step  has  replaced  the  O2  source  gas  with 
N2O  and  in  this  increased  the  bonded  N-content  at 
the  Si-Si02  interface,  improving  both  properties 
and  reliability  [6]. 

2.2.  Oxide  deposition 

This  was  accomplished  in  two  ways;  (i)  by  remote 
PECVD  at  300°C  [2],  and  (ii)  by  RTCVD  at 
800°C  [3].  Equivalent  remote  PECVD  processes 
have  been  performed  in  three  different  multi-cham¬ 
ber  systems.  The  Si-source  gas  silane  (SiH4)  was 
injected  downstream  from  the  plasma,  and  the  O- 
source  gas  nitrous  oxide  (N2O)  was  pre-mixed  with 
He  and  injected  through  the  plasma  generation 
region.  The  plasma  was  powered  by  a  13.56  MHz 
RF  source.  Deposition  rates  varied  from  2.5  to 
10  nm/min  with  no  significant  differences  in  film 
properties  or  device  performance.  The  RTCVD  de¬ 
positions  were  performed  in  an  ultra-clean  system 
with  the  same  two  source  gases,  SiH4  and  N2O,  and 
at  a  temperature  of  800°C  [3].  The  deposition  rate 
was  6  nm/min.  Both  processes  yield  stoichiometric 
oxide  films  with  equivalent  performance  in  MOS 
and  FET  devices. 

23.  Fabrication  of  MOS  and  FET  devices 

MOS  and  FET  devices  were  fabricated  using  dif¬ 
ferent  combinations  of  plasma-  and  rapid  thermal 
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processing  [7-9]  :  (i)  all  devices  incorporating  re¬ 
mote  PECVD  oxides  employed  the  plasma-assisted 
oxidation  pre-deposition  process  [9];  whereas  (ii) 
devices  incorporating  RTCVD  oxides  used  four 
different  pre-deposition  steps:  (a)  ex  situ  RCA 
cleans  with,  and  without  a  final  rinse  in  dilute  HF, 
(b)  the  in  situ  plasma  oxidation  process  described 
above,  and  (c)  a  pre-deposition  rapid  thermal  oxi¬ 
dation  (RTO)  [7-9].  For  the  devices  employing  the 
remote  PECVD  oxides,  the  maximum  processing 
temperature  was  determined  by  the  nature  of  the 
gate  electrode:  (i)  400^  C  for  Al  electrodes  used  in 
MOS  capacitor  studies,  and  (ii)  900^C  for  phos¬ 
phorus  doped  (POCI3  process)  polycrystalline  Si 
gate  electrodes.  For  devices  employing  RTCVD 
oxides,  the  maximum  temperature  was  (i)  800°C, 
the  temperature  of  the  oxide  deposition  for  devices 
with  Al  electrodes,  (b)  900°C  for  devices  with  doped 
polycrystalline  Si  electrodes,  but  not  using  a  pre¬ 
deposition  RTO,  and  (c)  lOOO^C  for  devices  with 
doped  polycrystalline  electrodes  that  also  utilized 
a  pre-deposition  RTO. 


3.  Properties  of  MOS  capacitors  and  FETs 

The  properties  of  MOS  capacitors  and  FETs 
with  deposited  oxides  are  discussed,  with  compari¬ 
sons  between  different  processing  techniques  for 
FETs  are  shown  in  Figs.  1-3.  To  converge  toward 
the  identification  of  the  essential  elements  of  a 


Fig.  1.  Channel  mobility  versus  effective  Si  surface  field  in  the 
channel  region. 


Fig.  2.  Normalized  stress-induced  decreases  in  versus  AKih- 
The  line  is  drawn  as  a  guide  for  the  eye. 


generic  processing  sequence  for  optimizing  the  elec¬ 
trical  performance  of  FET  devices  with  deposited 
oxides,  we  compared  the  properties  of  pairs  of 
devices  processed  in  different  ways: 

(a)  MOS  capacitors  with  Ai  contacts  and  remote 
PECVD  oxides,  with  H  and  O  plasma  cleans 
(300  °C  processing  with  400  °C  PM  A).  This  com¬ 
parison  establishes  the  superiority  of  the  plasma 
oxidation  process  to  the  plasma-H  clean.  The  com¬ 
bination  of  a  pre-deposition  plasma-assisted  oxi¬ 
dation  and  a  remote  PECVD  oxide  deposition 
provides  separate  control  of  interface  formation, 
and  oxide  deposition,  and  this  results  in  superior 
electrical  properties  to  the  combination  of 
a  plasma-H  clean  and  remote  PECVD  deposition 
wherein  the  interface  formation  takes  place  during 
film  deposition  by  a  subcutaneous  oxidation  pro¬ 
cess.  For  example,  values  decreased  from 
8  ±5x10^°  to  1.5  ±  2x  10^^cm™^eV“\  and 
breakdown  fields  increased  from  5-8  to 
9-11  MV  cm“\  when  the  plasma  oxidation  step 
replaced  the  plasma  H  passivation/cleaning  process 
[3,9]. 

(b)  MOS  capacitors  with  P-doped  polycrystal¬ 
line  Si  electrodes  (900°C)  with  oxides  formed  by 
remote  PECVD  (300°C)  and  RTCVD  (800°C). 
This  comparison  establishes  an  equivalence  be¬ 
tween  remote  PECVD  oxides  (300‘'C)  and  RTCVD 
oxides  (800°C)  with  doped  polycrystalline  Si  elec¬ 
trodes  (900°C).  The  conclusion  drawn  from  this 
comparison  is  that  the  annealing  at  900°C  for  the 
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Vgs-Vt/Tox  (MV/cm) 


Fig.  3.  Channel  mobility  versus  effective  Si  surface  field  in  the  channel  region. 


30  min  duration  of  the  POCI3  doping  process  is 
sufficient  to  render  the  two  types  of  oxides  indistin¬ 
guishable  to  the  extent  that  fixed  oxide  charge  (Qf), 
and  interfacial  defects  (D^)  are  effectively  the  same; 
i.e.,  2f  <  10^^cm“^  and  Da'- 10^^cm“^  eV“^  [9]. 

(c)  MOS  capacitors  with  Al  contacts  and 
RTCVD  (800°C)  oxides,  for  different  pre-depo¬ 
sition  processing  [7].  These  comparisons  for  MOS 
capacitors  establish  that  separate  control  of  inter¬ 
face  formation  and  film  deposition  via  the  integra¬ 
tion  of  a  plasma-assisted  oxidation  and  RTCVD 
oxide  deposition  leads  to  better  electrical  proper¬ 
ties  than  for  RTCVD  deposition  following  an  RCA 
clean  with  or  without  a  rinse  in  dilute  HF,  where 
interface  formation  is  not  independently  controlled 
by  an  in  situ  process.  For  example,  values  of  Dit  for 
the  RCA  cleaned  samples  were  about  2-4  times 
higher  than  for  the  plasma-assisted  oxidation,  and 
the  values  of  the  threshold  voltage  for  the  RCA- 
clean  interfaces  yielded  fixed  charge  levels 
>  lO^^cm"^  whereas  the  values  of  Qf  for  the 
plasma-oxidized  interfaces  were  <  10^^  cm“^. 

(d)  FETs  with  doped  polycrystalline  Si  gate  elec¬ 
trodes  (900°C)  and  RTCVD  oxides  (800°C),  for 
different  pre-deposition  processing,  and  including 
mid-process  RTAs  [8,10].  These  comparisons  for 


FETs  reinforce  the  conclusion  drawn  in  (c),  and 
combined  with  Fig.  1  indicate  a  difference  in  per¬ 
formance  with  respect  to  FETs  with  thermally- 
grown  oxides,  namely  in  the  rate  at  which  the 
channel  mobility  falls  off  with  the  electrical  field  at 
the  Si  surface  of  the  channel  region. 

(e)  FETs  with  doped  polycrystalline  Si  gate  elec¬ 
trodes  (900°C)  and  RTCVD  oxides  for  different 
pre-  and  post-deposition  processing,  including 
900-1000°C  pre-deposition  RTOs,  and  post-depos¬ 
ition  RTAs  in  an  oxygen  ambient.  These  compari¬ 
sons  for  FETs  demonstrate  that  a  process  sequence 
which  provides  separate  control  for  interface 
formation  through  the  pre-deposition  RTO  step, 
and  for  oxide  quality  through  the  RTCVD 
deposition  yields  electrical  performance  that  is 
essentially  the  same  as  obtained  for  thermally 
grown  oxides.  This  includes  the  decreased  rate  at 
which  channel  mobility  falls  off  with  the  electrical 
field  at  the  Si  surface  of  the  channel  region  (see 
Fig.  3).  Additional  experiments  have  shown  that 
the  similar  performance  is  obtained  if  the  pre-de¬ 
position  RTO  is  eliminated,  but  a  post-deposition 
RTA  in  oxygen  (effectively  a  post-deposition  RTO) 
is  inserted  at  the  end  of  the  RTCVD  oxide  depos¬ 
ition  process. 
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4.  Process  optimization 

The  combination  of  experimental  results  dis¬ 
cussed  above  establishes  that  three  processing  steps 
are  essential  for  the  fabrication  of  FETs  with  de¬ 
posited  oxides  in  order  for  their  electrical  proper¬ 
ties  to  be  equivalent  to  those  of  state  of  the  art 
FETs  with  thermally  grown  oxides.  These  are:  (i)  an 
oxide  deposition  that  yields  a  stoichiometric  oxide; 
(ii)  separate  and  distinct  processes  for  Si-Si02  in¬ 
terface  formation  and  oxide  deposition;  (iii)  cre¬ 
ation  of  the  Si~Si02  at  elevated  temperatures, 
^1000°C.  The  properties  of  the  remote  PECVD 
and  RTCVD  oxides  are  essentially  the  same  if  both 
are  subjected  to  a  900°C  anneal  during  the  gate 
electrode  doping  process;  however,  it  is  not  possible 
to  perform  plasma-assisted  depositions  and  rapid 
thermal  processes  (RTP)  in  the  same  chamber  due 
to  the  fact  that  plasma-assisted  deposition  occurs 
not  only  on  the  film  substrate,  but  also  on  chamber 
walls  and  fixtures,  including  the  optical  access  win¬ 
dows  required  for  RTP  processing.  This  favors 
RTCVD  oxide  deposition  over  remote  PECVD 
oxide  deposition.  However,  if  it  becomes  necessary 
to  use  oxynitride  alloys,  nitrided  oxides  and/or 
oxide-nitride-oxide  sandwiches  (ONO  structures), 
then  remote  PECVD  deposition  must  be  con¬ 
sidered  as  a  process  alternative  in  light  of  the  high- 
quality  oxynitride  and  ONO  dielectrics  that  have 
been  formed  by  the  combination  of  (i)  a  plasma- 
assisted  oxidations  (300°C);  (ii)  remote  PECVD 
film  depositions  (300"'C);  and  (iii)  a  30  s,  900"C 
RTAs  [4,5]. 

The  low-temperature  (300°C)  pre-deposition 
plasma-assisted  oxidation,  and  the  pre-deposition 
and  post-deposition  RTOs  provide  independent 
process  control  over  Si-Si02  interface  formation, 
however,  they  are  not  equivalent  in  promoting  the 
same  rate  of  fall-off  of  the  channel  mobility  with  the 
field  at  the  Si  surface  of  the  channel  region.  The 
inclusion  of  interface  formation  at  elevated  temper¬ 
atures,  ^1000°C,  appears  to  be  the  only  way  to 
achieve  Si-Si02  interfacial  properties  similar  to 
those  obtained  during  the  high/temperature 
growth  or  annealing  of  thermal  oxides.  Note  that 
an  optimized  process  consisting  of  a  RTCVD  oxide 
deposition,  and  pre-  or  post-deposition  RTO  re¬ 
quires  a  lower  budget  than  is  required  for  a  conven¬ 


tional  thermal  oxide,  or  an  RTO  process  by  itself. 
However,  if  in  addition  to  thermal  budget 
constraints  there  are  constraints  on  maximum  tem¬ 
peratures,  then  the  combination  of  (i)  a  plasma- 
assisted  oxidation  at  300''C  with  an  RTCVD  de¬ 
position  (800'"C),  or  (ii)  a  plasma-assisted  oxidation 
at  300"'C,  a  remote  PECVD  oxide  deposition  at 
300 'C  and  a  post-deposition  RTA  at  a  temperature 
between  800'C  and  900X  become  attractive  pro¬ 
cess  alternatives.  As  discussed  above,  these  two 
options  will  produce  FETs  with  slightly  reduced 
drive  currents  at  the  maximum  operating  gate  volt¬ 
ages  due  to  higher  rate  of  channel  mobility  fall-off 
with  the  electric  field  at  the  Si  surface  of  the  channel 
region. 

F’inally,  an  additional  set  of  comparisons  based 
on  reliability  criteria  is  needed.  The  experimental 
data  in  Fig.  2  present  an  interesting  dimension  for 
at  least  one  aspect  of  FET  reliability  [11].  They 
demonstrate  that  a  reliability  parameter, 
—  (g^  is  the  peak  value  of  the  transconduc¬ 

tance),  is  proportional  to  a  quality  parameter,  A  Ft,,, 
the  shift  of  the  threshold  voltage  relative  to  a  refer¬ 
ence  device  made  with  a  conventional  thermal  ox¬ 
ide.  Note  that  an  important  contribution  to  these 
shifts  in  the  value  of  Fth  is  fixed  oxide  charge  in  the 
immediate  vicinity  of  the  Si-Si02  interface,  and 
that  the  generation  of  additional  fixed  charge  can 
contribute  to  degradation  in  channel  transport  is 
manifested  in  the  reliability  factor  —  Agjg^. 
A  possible  interpretation  is  that  an  interfacial 
region  that  contains  a  higher  concentration  of 
bonding  defects  that  contribute  to  the  fixed  charge 
that  contributes  to  the  shifts  in  F^h  is  more  suscep¬ 
tible  to  stress-induced  generation  of  additional 
charged  defect  sites  and/or  interface  traps  that  re¬ 
duce  g^.  We  are  currently  studying  controlled  N- 
atom  incorporation  at  SFSi02  interfaces  in  a  new 
two-step  process  that  also  combines  separate  con¬ 
trol  of  interface  formation  and  oxide  deposition 
[6].  Preliminary  experiments  suggest  that  this  link 
between  reliability  and  quality  may  be  more  wide¬ 
spread  than  is  generally  anticipated.  This  suggests 
that  an  alternative  process  sequence  that  substi¬ 
tutes  a  pre-deposition  300'"C  plasma-assisted  oxi¬ 
dation  using  N2O  and  a  pre-  or  post-deposition 
RTA  at  1000  C,  combined  with  an  800"'C  RTCVD 
oxide  may  have  provided  increased  reliability 


G.  Lucovsky  et  al.  j  Journal  of  Non-Crystalline  Solids  187  (1995)  60-65 


65 


through  controlled  incorporation  of  N-atoms  at 
the  Si-Si02  interface. 
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Abstract 

Based  on  the  first  result  of  the  layer-by-layer  deposition  of  silicon  dioxide  films  by  a  cyclic  exposure  of  water  and  tetra 
isocyanate  silane,  Si(NCO)4,  new  isocyanate  compounds  preferable  to  Si(NC0)4  have  been  proposed  for  ideal  layer-by- 
layer  deposition  characteristics.  Preliminary  results  are  also  presented  for  one  of  the  substances. 


1.  Introduction 

The  aim  of  this  paper  is  to  find  an  atomic-layer 
chemical-vapor  deposition  (AL-CVD)  technology 
for  the  deposition  of  silicon  dioxide  (Si02)  films. 
Although  the  Si02  film  is  amorphous  and  therefore 
its  monolayer  thickness  cannot  be  defined  precise¬ 
ly,  quasi  monolayer-controlled  deposition  of  Si02 
is  still  very  attractive  for  various  applications,  due 
to  good  uniformity  and  accuracy  in  the  deposited 
film  thickness,  i.e.,  due  to  the  inherent  properties  of 
the  layer-by-layer  process  [1]. 

AL-CVD  of  the  Si02  film  has  been  successfully 
demonstrated  by  alternative  exposure  of  tetra 
isocyanate  silane  [TICS:  Si(NCO)4]  and  water  va¬ 
por  [2].  On  TICS,  only  very  few  reports  are  pub¬ 
lished  every  year,  although  its  properties  have  been 
well  known  for  a  long  time  [3]  and  it  is  commer¬ 
cially  available  now.  Si02  can  be  formed  by  mixing 
TICS  and  water  even  at  room  temperature  [4]. 
This  reaction  is  due  to  the  strong  dipole  moments 
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in  the  source  molecules  such  as  =  Si-N~-C^  =  O 
and  resulting  in  alternating  replace¬ 

ments  of  an  N-C  =  O  group  in  =  Si-N-C  ~  O  to 
an  0-H  group,  and  of  an  H  atom  in  =  Si-O-H  to 
an  Si-N-C  =  O  group.  Based  on  the  elemental 
kinetics  at  the  surface,  we  have  succeeded  in  the 
first  Si02  AL-CVD  [2].  The  deposition  rate  was, 
however,  saturated  at  about  0.17nm/cycle  for 
a  suitable  set  of  AL-CVD  parameters,  i.e.,  less  than 
the  calculated  approximate  thickness,  0.36  nm,  of 
an  Si02  monolayer  (ML).  This  paper  discusses 
better  substances  towards  the  ideal  deposition  rate 
of  1  ML/cycle. 

2.  Isocyanate  compounds  for  ideal  deposition  char¬ 
acteristics 

A  big  and  complex  three-dimensional  form  of 
TICS  molecules  is  the  predominant  origin  of  the 
non-ideal  deposition  rate.  Their  chemisorption  on 
the  surface  is  hindered  before  the  whole  OH  groups 
covering  the  surface  react  with  them.  Thus,  we 
propose  here  a  series  of  isocyanate  compounds, 
X„Si(NCO)(4_„)  ,  where  X  is  hydrogen  atom, 
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Table  1 

Physical  properties  of  several  silicon  compounds 


M 

(g/mol) 

G 

(g/cm^) 

GjM 

(mol/cm^) 

BP 

(°C) 

MP 

(“C) 

Si(NCO)^ 

196 

1.442 

0.007357 

186 

26 

CH3Si(NCO)3 

169.2 

1.267 

0.007488 

164 

2.7 

(CH3)3Si(NCO)2 

142.2 

1.076 

0.007566 

138 

-31 

(CH3)3SiNCO 

115.1 

0.867 

0.007532 

90 

-49 

CH3)^Si 

88.2 

0.646 

0.007324 

26 

C2H50Si(NC0)3 

197 

1.300 

0.006989 

178 

Not  known 

n-C^H9Si(NCO)3 

211 

1.141 

0.005408 

215 

Supercooling 

halogen  atom,  alkyl  group  or  alkoxyl  group,  and 
n  is  1,2,  or  3,  respectively.  The  molecular  weight,  M, 
specific  gravity,  G,  boiling  temperature  and  melting 
temperature  are  tabulated  in  Table  1  for  several 
compounds.  The  distance  between  molecules, 
which  is  inversely  proportional  to  the  third  root  of 
G/M,  decreases  with  increasing  n  from  zero.  The 
long  spacing  especially  for  n  =  3  and  4  is  attributed 
to  the  rapid  decrease  in  the  boiling  temperature  or 
the  melting  temperature,  i.e.,  to  the  reduced  inter- 
molecular  force.  Thus  we  concluded  that  a  mole¬ 
cule  becomes  small  with  increasing  n.  The  size  of 
molecules  depends  also  on  the  kind  of  non-cyanate 
groups  as  seen  in  Table  1.  Therefore,  the  smallest 
isocyanate  compound  molecule,  the  best  substance 
for  the  Si02  AL-CVD,  is  mono  isocyanate  silane, 
HsSiNCO.  There  are  other  big  advantages  in  this 
substance,  that  its  SiH  bonds  can  be  easily  oxidized 
and  that  it  is  gaseous  under  room  temperature 
conditions. 

Superior  AL-CVD  kinetics  of  alternative  expo¬ 
sure  of  HaSiNCO  and  ozone  can  be  visualized  in 
Fig.  1.  In  the  first  phase,  the  OH-covered  surface  is 
exposed  to  H3SiNCO.  H3SiNCO  can  react  with  an 
OH-covered  surface  as  TICS,  since  it  has  an  NCO 
group,  resulting  in  the  chemisorption  of  SiH3 
groups  as  shown  schematically  in  (a).  The  SiH3 
group  has  a  smaller  size  than  the  Si(NCO)„  group, 
and  its  bond  is  straight  and  not  bent  as  in  the  case 
of  the  NCO  group.  Thus  the  stereoscopic  problem 
can  be  solved,  and  a  higher  surface  covering  density 
is  expected,  resulting  in  the  ideal  1  ML  chemisorp¬ 
tion.  Since  the  dipole  moment  in  an  Si-H  bond  is 
very  small,  the  surface  loses  its  chemical  reactivity 
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Fig.  1,  Schematic  kinetics  of  the  SiO^  AL-CVD  using 
H3SiNCO  and  ozone:  (a)  chemisorption  of  SiH 3  group  by 
H3SiNCO  exposure;  (b)  oxidation  for  forming  the  Si-O-Si  bond 
and  OH-terminated  surface  by  ozone  exposure. 


to  H3SiNCO  after  IML  chemisorption  of  the  SiH3 
group.  Exposure  to  ozone  in  the  second  phase  leads 
to  formation  of  both  Si-O-Si  bonds  between  adja¬ 
cent  Si  atoms  and  OH  groups  at  the  surface  as 
shown  schematically  in  (b).  These  modifications 
can  be  achieved  completely  and  quickly  by  the 
effects  of  small  size  and  chemical  reactivity  of 
H  atoms.  Then  the  cycle  repeats  itself  with  the  ideal 
IML/cycle  deposition  rate. 
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3.  Experimental 

Unfortunately,  H3SiNCO  is  not  commercially 
available  yet.  Thus  we  have  investigated  an  alterna¬ 
tive  substance,  i.e.,  mono  methoxylsilane  tri 
isocyanate,  CH30Si(NC0)3. 

The  AL-CVD  system  is  schematically  shown  in 
Fig.  2.  A  counterpart  of  CH30Si(NC0)3  was  31% 
hydrogen  peroxide  in  water,  instead  of  pure  water 
in  the  TICS  experiments.  Pure  nitrogen  was  used  as 
a  carrier  gas  that  causes  alternatingly  a  bubbling  in 
the  pure  CH30Si(NC0)3  and  hydrogen  peroxide 
vessels,  respectively,  and  brings  these  vapors  to  the 
reaction  chamber.  As  the  total  system  was  under 
room  temperature  conditions,  the  partial  pressures 
of  source  materials  were  given  by  their  saturated 
vapor  pressures.  There  was  a  third  gas  line  for  an 
optional  exposure  to  oxygen  with  or  without  5% 
ozone,  and  also  a  fourth  line  for  the  nitrogen  clean¬ 
ing.  Total  pressure  in  the  chamber  was  kept  at 
400  Torr.  In  order  to  achieve  AL-CVD,  we  had  to 
evacuate  completely  all  source  molecules  remain¬ 
ing  in  the  chamber  after  each  exposure  to  one  of  the 
two  source  materials  before  the  exposure  to  the 
other  source  material.  For  complete  evacuation,  we 
used  a  serial  combination  of  a  mechanical  booster 
pump  and  a  rotary  pump,  leading  to  a  vacuum 
quality  of  about  10  m  Torr  within  10  s  evacuation, 
together  with  insertion  of  three  additional  cleaning 
phases  with  nitrogen  after  each  exposure.  This  re¬ 
duced  effectively  the  deposition  rate  of  the  film  to 
a  value  that  could  not  be  decreased  with  further 
improved  evacuation. 


4.  Results  and  discussion 

The  deposition  rate  is  shown  in  Fig.  3  by  a  solid 
curve  together  with  results  (sharp  curve)  of  TICS 
experiments.  Although  the  number  of  data  is  not 
sufficient,  it  is  clear  that  a  better  deposition  rate  is 
obtained  by  using  the  new  combination. 

Auger  electron  spectroscopy  (AES)  signals  aris¬ 
ing  from  N  atoms  (around  370  eV)  were  below  the 
resolution  limit  of  the  spectrometer.  In  contrast  to 
the  TICS  experiments,  however,  a  signal  relating 
with  C  atoms  was  observable  at  around  270  eV, 
revealing  that  the  methoxyl  group  was  not  removed 


Fig.  2.  The  schematic  Si02  AL-CVD  system. 


Fig.  3.  Deposition  rate  as  a  function  of  the  Si-source  exposure 
time:  sharp  curve,  TICS  and  water  exposure;  solid  curve, 
CH30Si(NC0)3  and  peroxide  exposure.  The  curves  are  drawn 
as  a  guide  for  the  eye. 


completely  from  the  film.  The  composition  ratio  of 
Si :  O  :  C  was  about  1  :  1.7  :  0.15,  thus  the  film  was 
Si-rich.  The  C  content  could  be  decreased  to  one- 
third  by  insertion  of  an  ozone  exposure  phase  in 
each  cycle.  An  X-ray  photoelectron  spectroscopy 
(XPS)  measurement  indicated  that  the  film  was  also 
Si-rich  that  is,  the  ratio  of  the  Si'*’^,  Si^^,  Si^^  and 
Si^^  bondings  was  about  44.2  :  19.6  :  32.3  :  3.9, 
respectively. 

Infrared  absorption  spectra  are  given  in  Fig.  4 
for  three  different  films  deposited  by  a  cycle  consist¬ 
ing  of  exposure  of  (a)  CH30Si(NC0)3  and  hydro¬ 
gen  peroxide,  (b)  CH30Si(NC0)3,  ozone  and 
hydrogen  peroxide,  and  (c)  TICS  and  water  for 
reference  purposes.  For  all  films,  the  central  Si-O 
stretching  mode  appeared  clearly  at  1070  cm 
and  the  Si-O  rocking  mode  at  800cm“\ 
respectively,  vei:y  close  to  their  reported  values  [5]. 
Thus  the  film  had  a  lot  of  Si-O  bonds.  Typical 
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Fig.  4.  Infrared  absorption  spectrum  of  the  films  deposited  by: 
(a)  cyclic  exposure  of  CH30Si(NC0)3  and  peroxide;  (b)  cyclic 
exposure  of  CH30Si(NC0)3,  ozone  and  peroxide;  (c)  cyclic 
exposure  of  TICS  and  water. 


absorption  lines  for  the  N-H  stretching  mode  at 
3400  cm  “  ^  were  not  found  in  the  films  (a)  and  (b),  in 
agreement  with  the  AES  results,  but  were  seen 
a  little  in  the  film  (c).  Strong  absorptions  around 
2350  cm"  ^  were  caused  by  the  Si-H  group  or  the 
NCO  group.  For  the  film  (c),  the  Si-H  group  has 
been  confirmed  to  be  the  predominant  origin  of 
these  absorptions.  For  the  films  (a)  and  (b),  since 
N  atoms  could  not  be  detected  in  their  AES  spec¬ 
trum,  and  since  these  absorptions  did  not  disappear 
after  some  days  (Si-NCO  can  react  quickly  with 
water  vapor  in  the  air),  it  is  preferable  to  assign  also 
the  absorptions  to  Si-H  bonds.  The  absorption  line 
at  930  cm"  ^  was  attributed  to  Si-OH  bonds.  In  the 
film  (c),  due  to  the  oxidation  of  the  Si-H  bonds  by 
O3,  the  absorption  line  at  2350  cm"  ^  was  small  and 
the  absorption  at  930  cm"  ^  was  large,  in  compari¬ 
son  to  those  in  the  film  (a).  The  oxidation  process 
plays  a  very  important  role  for  new  substances.  The 


C-H  rocking  mode  absorption  at  1000  cm" ^  was 
not  observable.  Si-C  bond  absorption  should  be 
visible  at  780  cm"  S  but  perhaps  was  hidden  by  the 
strong  Si-O  absorption.  The  shift  of  this  absorp¬ 
tion  line  to  around  800  cm"  ^  from  the  typical  value 
(810  cm"  in  the  films  (a)  and  (b),  however,  can  be 
attributed  to  the  Si-C  bonds.  Finally  it  should  be 
noted  that  small  spikes  from  1400  to  1900  cm" ^ 
arise  mainly  from  CO2  absorptions. 


5.  Conclusion 

Isocyanate  compounds  X„Si(NCO)4-„  were  pro¬ 
posed  as  more  desirable  source  molecules  than 
TICS  for  ideal  AL-CVD  of  silicon  dioxide,  where 
X  is  hydrogen,  halogen,  alkyl  or  alkoxyl,  respective¬ 
ly,  and  n  =  1,  2,  or  3.  By  CH30Si(NC0)3,  one  of 
the  proposed  substances,  an  improvement  of  the 
deposition  rate,  towards  ideal  IML/cycle,  could  be 
obtained,  and  deposited  film  properties  were  evalu¬ 
ated.  It  was  found  that  oxidation  should  be  done 
satisfactorily.  Thus,  H3SiNCO  is  the  most  prefer¬ 
able  among  the  proposed  substances  because  it  is 
the  smallest  in  size  and  oxidized  easily. 

The  authors  would  like  to  express  their  thanks  to 
Showa-Denko  for  preparation  of  Si(NCO)4  and 
CH30Si(NC0)3. 
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Abstract 

A  new  dual-plasma  (surface  wave-coupled  microwave  and  capacitively-coupled  radio  frequency)  plasma  enhanced 
chemical  vapor  deposition  reactor  for  high  growth  rate  deposition  of  amorphous  insulating  alloys  has  been  developed. 
A  high  degree  of  flexibility  for  thin  film  material  synthesis  is  expected,  because  the  energy  of  the  ion  bombardment  can  be 
controlled  independently  of  the  microwave  plasma  chemistry.  In  situ  spectroscopic  ellipsometry  is  used  for  the 
optimization  of  the  dual-mode  plasma  deposition  of  hydrogenated  silicon  oxides  a-SiO^.:H  (with  0  ^  x  ^  2)  providing 
monitoring  of  the  index  of  refraction  and  deposition  rate.  A  new  procedure  for  the  real-time  calculation  of  both 
parameters  is  reported.  The  growth  rate  of  nearly  stoichiometric  oxides  increases  as  a  function  of  the  oxygen  flow  rate 
with  a  maximum  value  of  33  As~^  using  a  315  W  microwave  power. 


1.  Introduction 

For  large  area  thin  film  deposition  and  sur¬ 
face  treatment  by  plasma  enhanced  chemical  vapor 
deposition  (PECVD)  techniques,  different  plasma 
frequencies  are  available  and  the  actual  choice  is 
dictated  by  the  type  of  substrate  and  the  material  to 
be  grown  [1].  The  influence  of  the  plasma  fre¬ 
quency  on  the  electron  energy  distribution  function 
(EEDF)  has  been  modelled  only  for  a  few  rare  gases 
[2].  The  EEDF  determines  the  production  of  pri¬ 
mary  species  (radicals,  ions  and  excited  species), 
which  may  then  react  with  other  gas  phase  species 
or  recombine  on  the  walls.  The  plasma  frequency 
also  has  a  major  influence  on  the  energy  of  positive 
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ion  bombardment  which  is  of  the  order  of  a  few  eV 
for  microwave  (MW)  and  ECR  plasmas  but  reaches 
tens  of  eV  at  the  smaller  electrode  in  radio  fre¬ 
quency  (RF)  plasmas.  We  expect  that  a  single-vessel 
multi-plasma  system  can  combine  the  advantages 
of  different  plasma  frequencies  at  a  manageable 
level  of  complexity. 

In  this  paper,  we  describe  a  dual-frequency  (RF 
at  13.56  MHz  and  MW  at  2.45  GHz)  plasma  reac¬ 
tor  with  coupling  of  the  microwave  power  from 
a  waveguide  to  a  quartz  tube.  The  substrate  is 
located  at  the  end  of  the  tube  in  the  MW  post¬ 
discharge  region.  In  contrast  to  some  dual  mode 
MW/RF  reactors  where  the  substrate  is  simulta¬ 
neously  exposed  to  MW  and  RF  plasmas  [3],  in 
our  case  the  two  plasmas  are  localized  at  different 
places.  We  wilFshow  that  the  MW  and  RF  plasmas 
are  not  strictly  independent  and  they  do  interact 
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in  the  MW  post-discharge  region,  close  to  the  sub¬ 
strate  location,  providing  a  complex  system  with 
many  experimental  parameters.  To  investigate  the 
interaction  of  the  RF  and  MW  plasmas  during  the 
growth,  in  situ  diagnostics  have  been  implemented 
for  the  characterization  of  the  gas  phase  using  op¬ 
tical  emission  spectroscopy  (OES),  and  the  film 
surface  using  UV-visible  spectroscopic  ellipsometry 
(SE).  Some  characteristic  properties  of  the  dual¬ 
plasma  using  helium-argon  gas  mixtures  have  been 
reported  in  previous  studies  [4,5].  In  this  study, 
a  low  substrate  temperature  (70°C)  was  chosen  for 
the  deposition  of  a-SiOj^:  H  thin  films  as  functional 
coatings  on  polymers  which  are  unable  to  sustain 
temperatures  above  100°C  [6]. 

2.  Experimental 

The  dual-plasma  system  has  been  discussed  in 
detail  elsewhere  [4,7].  In  summary,  helium,  argon 
and  oxygen  are  injected  at  the  extremity  of  a  quartz 
tube.  Microwave  power  is  fed  to  the  discharge  via 
an  impedance  matching  network  and  a  field  appli¬ 
cator.  In  the  small  quartz  tube,  surface-wave  propa¬ 
gation  takes  place  in  the  direction  of  the  bell¬ 
shaped  termination  of  the  quartz  tube.  Silane  is 
injected  in  the  MW  post-discharge,  close  to  the 
substrate.  The  RF  plasma  is  located  downstream 
from  the  tube  between  the  200  cm^  RF-polarized 
substrate  holder  and  the  grounded  surfaces  (reactor 
walls  and  the  plane  of  the  silane  injector  grid). 

Optical  characterizations  of  the  amorphous  films 
have  been  performed  in  situ  with  a  UY-visible  phase- 
modulated  ellipsometer  (Instruments  S.A)  and  ex  situ 
using  conventional  IR  transmission,  IR  Fourier 
transform  phase  modulated  ellipsometry  (FTPME) 
[8],  and  energy-dispersive  X-ray  analysis  (EDX)  [9]. 

3.  Results  and  discussions 

3.1.  Growth  monitoring  by  ellipsometry 

By  simulating  the  {W,A)  ellipsometric  real-time 
trajectory  with  a  fixed  refractive  index  model  at 
3.8  eV,  a  homogeneous  growth  model  provides 
the  deposition  rate  (Rd)  and  the  complex  refrac¬ 
tive  index  of  the  film  (Fig.  1).  This  trajectory  is 


Psi 

Fig.  1.  Kinetic  trajectory  at  3.8  eV  of  silicon  dioxide  film  depos¬ 
ition  (-1-  4-  -f ,  experiment; - ,  and  model) 


a  closed  loop,  making  a  half  tour  for  a  thickness  of 
approximately  2/4  and  returning  towards  the  in¬ 
itial  values  of  {W,  A)  at  approximately  2/2.  The 
procedure  described  above  to  calculate  and  the 
refractive  index,  normally  performed  off-line  (after 
data  acquisition)  can  be  replaced  by  a  real-time 
inversion  procedure  giving  rapid  access  to  the 
physical  properties. 

An  on-line  system  performing  inversion  of  the 
ellipsometric  equations  in  real  time  [10]  has  been 
developed.  From  a  single  set  of  measurements 
(*P,  d)  at  a  chosen  wavelength  we  extract  two  phys¬ 
ical  properties  (refractive  index  and  thickness  or 
deposition  rate)  in  the  case  of  a  transparent  film  or 
a  film  with  known  absorption.  Specifically,  we  use 
a  method  developed  by  Chariot  and  Maruani  [11] 
for  the  inversion  of  the  standard  equation  describ¬ 
ing  the  optical  structure  and  measurement  with 
respect  to  the  refractive  index  of  the  film  n  and  its 
corresponding  thickness  (Fig.  2).  The  discrepancies 
at  the  beginning  of  the  deposition  could  be  due  to 
noise  in  the  measurement  of  the  first  point  and 
possibly  to  the  influence  of  a  thin  film  of  higher 
void  fraction  on  the  silicon  of  film  surface.  The 
measured  thickness  is  interactively  used  to  stop  the 
film  growth.  Thickness  and  refractive  index  are  also 
deduced  from  the  spectrocopic  measurement  and 
modelling  of  the  experimental  pseudo-dielectric 
function,  assuming  a  harmonic  oscillator  behavior 
[12].  The  results  are  coherent  with  the  on-line 
method. 
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Time  (s) 

Fig.  2.  Refractive  index  n  (continuous  line)  and  thickness  of  the 
silicon  dioxide  film  as  a  function  of  time. 


Since  in  the  case  of  transparent  films,  the  kinetic 
trajectory  passes  through  the  (*F,  A)  of  the  substrate 
for  thicknesses  approaching  Ijl  (Fig.  1),  one  cannot 
at  a  chosen  wavelength  extract  optical  properties 
with  a  direct  procedure  at  this  thickness.  The  deve¬ 
lopment  of  a  multiwavelength  detection  system  for 
real  time  applications  has  the  potential  to  over¬ 
come  this  problem  [12]. 

3.2  Film  properties 

Using  a  constant  MW  power  of  315  W  at  80 
mTorr  and  a  He-Ar  mixture  (300-125  seem),  the 
influence  of  the  oxygen  flow  rate  and  the  RF  power 
on  the  deposition  rate  and  optical  properties  of 
a-SiO,.^:  H  films  has  been  investigated.  For  a-SiO,.^: 
H  deposition,  a  variable  flow  rate  of  O2  up  to 
60  seem  is  injected  with  the  helium-argon  mixture 
(300-125  seem)  into  the  MW  discharge.  Since  oxy¬ 
gen  and  argon  have  similar  ionization  potentials 
and  EEDF  [2],  the  MW  plasma  characteristics  are 
expected  to  remain  relatively  unaffected  by  the 
O2  flow  rate.  The  silane  flow  rate  is  held  constant  at 
6.5  seem  and  the  oxygen  to  silane  ratio  R  is  varied 
from  0.08  to  2.3.  The  radial  homogeneity  of  the  oxide 
deposition  rate  is  rather  good.  The  thickness  (meas¬ 
ured  using  step-profiler)  is  greatest  at  the  center 
and  typically  15%  lower  at  7  cm  from  the  center. 

With  the  MW  plasma  only,  a  sharp  increase  of 
the  deposition  rate  as  a  function  of  R  has  been 
measured  (Fig.  3(a)),  from  1.3  A  s“^  at  R  =  0.08  up 
to  5  As“^  at  R  =  2.3.  Although  the  influence  of 


Fig.  3.  Refractive  index  (continuous  line)  and  deposition  rate 
(dashed  line)  at  a  constant  6.5  seem  silane  flow  rate  as  a  function 
of  (a)  the  oxygen  to  silane  ratio  (R)  without  RF  power,  (b)  the 
RF  power.  Lines  are  drawn  as  guides  for  the  eye. 


excited  He  (He*)  species  on  the  silane  decompo¬ 
sition  cannot  be  completely  ruled  out,  this  may 
reveal  a  Penning  reaction  of  He*  with  O2  and 
a  dissociative  reaction  of  oxygen  radicals  with 
silane  molecules,  following  some  of  the  reactions 
which  may  produce  silyl  and  silanol  radicals  [13]: 


0  +  SiH4^SiH3  +  0H, 

(1) 

0  +  SiHj^SiHOH  +  H. 

(2) 

It  is  observed  that  the  relative  effect  of  adding 
a  40  W  RF  plasma  to  the  MW  (3 1 5  W)  plasma  is  an 
increase  of  the  growth  rate  by  a  factor  of  2,  indepen¬ 
dent  of  R.  In  the  oxygen  depleted  regime  (R  =0.15) 
the  stoichiometry  changes  from  x  =  2  to  lower 
(Si-rich)  values,  which  causes  an  increase  of  the 
refractive  index,  while  in  the  oxygen  excess  regime 
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{R  =  2.3)  the  stoichiometry  is  unaffected  (Figs.  3(a) 
and  (b)).  The  main  effect  of  the  RF  plasma  seems  to 
be  the  enhancement  of  the  electronic  dissociation  of 
SiH4  to  produce  SiH3  radicals  which  are  trans¬ 
formed  to  silanol  radicals  through  reaction  (2). 

The  influence  on  the  deposition  rate  of  the 
contribution  of  the  RF  and  MW  plasmas  is 
more  an  interactive  effect  than  an  adding  effect 
(^d.  RF+MW  >  ^d,  RF  +  ^d,  Mw)  •  TMs  bchaviouF  re¬ 
veals  the  beneficial  effects  of  the  dual-plasma  mode 
in  the  case  of  insulating  thin  film  deposition.  In  this 
high  growth  rate  regime,  saturates  as  a  function 
of  the  O2  flow  rate.  As  the  full  incorporation  of 
injected  silane  would  correspond  to  a  65  A  s“^  de¬ 
position  rate,  this  indicates  a  depletion  of  silane 
and  a  high  sticking  coefficient  of  the  silicon-related 
deposition  precursors  on  the  growing  a-SiO^ci 
H  (x  ^  2)  surface.  The  high  growth  rate 
(Rd  ^  33  As"^)  obtained  for  silicon  oxide  films  in 
our  reactor  compares  favorably  to  other  dual¬ 
plasma  systems  [3,14]  which  have  demonstrated 
growth  rates  of  2  <  R^  <  20  As~  ^ ,  and  to  an  RF 
plasma  reactor  [15]  with  R^  reaching  15  As”^ 

Analysis  of  IR  spectra  from  either  ellipsometric 
or  transmission  measurements  reveals  a  decrease  of 
the  stretching  frequency  v  of  the  Si-O  bonds  as  the 
RF  power  is  increased  (Fig.  4).  The  shift  to  lower 
frequency  can  be  attributed  to  the  densification  of 
the  film  (revealed  by  the  increase  of  n),  induced  by 
positive  ion  bombardment  of  the  film  surface  [15]. 


1045  1055  1065  1075 


Si-O  stretching  frequency  (cm'b 

Fig.  4.  Refractive  index  as  a  function  of  the  (Si-O)  stretching 
frequency  for  different  RF  power  (continuous  line  R  —  2.3 
and  dashed  lines  R  =  0.15).  Lines  are  drawn  as  guides  for 
the  eye. 


The  position  of  the  stretching  frequencies  are  in¬ 
variant  for  the  same  R,  even  if  the  O2  and  SiH4  flow 
rates  are  increased  by  a  factor  2  (at  constant  R). 

It  is  also  interesting  to  note  that  Vr^q  is  < 
Vi?  =  2.3-  ForR  =  0.15,  the  presence  of  Si-Si  bonding 
groups  induces  a  low  frequency  shift  of  the  Si-O 
stretching  mode  [16]  in  these  silicon  suboxide  films 
(SiO;c,  X  <  2),  which  are  rich  in  Si-Si  and  Si-H 
bonds.  In  these  conditions,  at  a  high  RF  power 
density,  it  is  possible  to  obtain  silicon-rich  material 
with  X  <  1.  In  contrast,  for  R  =  2.3,  the  resulting 
oxygen-rich  films  show  SiOH  bonding  between 
3300  and  3700  cm" \  but  no  Si-Si  or  Si-H  bonds. 
Complementary  stoichiometry  measurements  by 
energy  dispersive  X-ray  analysis  at  low  electron 
voltage  (3.6  keV)  confirm  the  high  oxygen  contents 
in  these  films  [0]/[Si]  2.3.  This  quantitative 

analysis  of  [0]/[Si]  ratio  has  been  performed  by 
taking  into  account  this  ratio  measured  from  the 
spectrum  of  silica  obtained  under  similar  analysis 
conditions. 


4.  Summary  and  conclusion 

A  dual-plasma  reactor  (surface  wave-coupled 
MW  and  capacitively-coupled  RF)  with  in  situ 
monitoring  by  ellipsometry  has  been  developed  for 
the  deposition  of  insulating  thin  films.  He-Ar-02 
mixtures  have  been  used  for  the  microwave  plasma, 
while  silane  is  injected  in  the  MW  post-discharge. 
Both  plasmas  are  not  strictly  independent  because 
interesting  interactive  effects  are  observed  in  the 
a-SiO;,:H  deposition  rate. 

The  growth  rate  of  a-SiO^c-H  increases  as  a  func¬ 
tion  of  the  oxygen  flow  rate  and  the  power  injected 
to  the  plasma  from  1.3  A  s“^  with  the  single-RF 
plasma  and  low  oxygen  flow  up  to  33  As" ^  using 
the  double-mode  plasma  and  sufficient  oxygen  to 
obtain  stoichiometric  material.  From  our  results, 
we  deduce:  (1)  a  strong  dissociation  of  silane  by 
oxygen-related  species  produced  in  the  MW 
plasma;  (2)  a  high  sticking  coefficient  of  the  sili¬ 
con-related  deposition  precursors;  (3)  and  en¬ 
hanced  dissociation  of  silane  when  the  RF  plasma 
is  added  to  the  MW  plasma.  From  these  prelimi¬ 
nary  results,  it  can  be  inferred  that  this  reactor  is 
well  adapted  for  the  deposition  of  insulating  thin 


74 


R.  Etemadi  et  al.  /  Journal  of  Non-Crystalline  Solids  187  (1995)  70  74 


films.  Future  studies  will  aim  at  increasing  the  MW 
and  RF  power,  porosity  characterization,  and  elec¬ 
tronic  properties  assessment. 
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suggestions  and  discussions  concerning  plasma 
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Abstract 

An  evaluation  of  the  hydrogen  content  present  in  silicon  oxide  thin  films  obtained  from  a  gas  mixture  of  N2O  and  SiH4 
by  ArF  excimer  laser-induced  chemical  vapor  deposition  in  a  parallel  configuration  reactor  is  presented.  By  tuning  the 
oxidant-monosilane  ratio,  a  complete  set  of  films  ranging  from  hydrogen-rich  silicon  suboxides  to  silicon  dioxide  were 
deposited.  To  evaluate  the  bonded  hydrogen  in  the  matrix  and  the  total  quantity  of  hydrogen  atoms,  the  films  were 
respectively  analyzed  by  Fourier-transform  infrared  (FTIR)  spectroscopy  and  elastic  recoil  detection  analysis  (ERDA). 
Additional  analyses  by  ellipsometry  and  Rutherford  backscattering  spectrometry  (RBS)  were  performed.  As  the  silane 
quantity  in  the  gas  mixture  increases,  the  RBS  measurements  reveal  a  continuously  decreasing  film  stoichiometry 
towards  suboxides.  Simultaneously,  a  dramatical  increase  in  the  quantity  of  Si-H  bonds  is  observed  in  the  FTIR  spectra, 
but  an  unexpected  decrease  in  the  total  number  of  hydrogen  atoms  is  detected  by  ERDA.  The  total  hydrogen  content 
correlates  with  the  film  growth  rate,  while  the  Si-H  bond  incorporation  correlates  with  the  SiH4  content  in  the  gas 
mixture. 


1.  Introduction 

The  use  of  UV  chemical  vapor  deposition 
(UVCVD)  methods  to  obtain  dielectric  films  for 
microelectronic  device  technology  is  growing  due 
to  the  need  for  finding  low-temperature  deposition 
processes  [1,2].  Among  these  techniques,  the  ArF 
excimer  laser-induced  CVD  in  a  parallel  configura¬ 
tion  geometry  has  evoked  interest  for  its  high  de- 
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position  rates  over  large  areas  with  no  radiation 
damage  and  easy  control  over  film  properties 
[3-61- 

In  spite  of  silica  films  by  ArF  laser  CVD  using 
N2O  and  SiH4  gas  mixture  being  a  well-studied 
process,  the  chemical  reaction  paths  induced  by 
UV  photons  and  the  subsequent  incorporation  of 
photofragments  in  the  films  are  not  well  under¬ 
stood  yet.  Among  the  main  parameters  determining 
the  deposition  process  and  the  resulting  film 
properties,  the  gas  mixture  composition  and  the 
total  gas  pressure  are  the  more  important  ones. 
As  described  elsewhere  [7],  films  with  different 
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compositions  and  densities  can  be  obtained  by  ap¬ 
propriate  control  of  the  oxidant-monosilane  ratio. 

Due  to  the  use  of  silicon  hydrides  as  precursors, 
some  of  the  H  atoms  contained  in  the  precursor 
gases  are  incorporated  in  the  film  in  different  chem¬ 
ical  paths,  particularly  when  deposition  is  per¬ 
formed  at  low  temperatures  (  <  300°C).  The  H  in¬ 
corporation  in  the  film  has  an  important  influence 
in  chemical  and  electrical  film  properties  and  in  the 
film  stability.  For  this  reason,  good  control  over  the 
chemically  bonded  hydrogen  as  well  as  the  total 
quantity  of  H  atoms  in  the  film  is  necessary.  In  this 
contribution,  a  study  of  the  evolution  of  the  H  in¬ 
corporated  in  the  film  as  a  function  of  the 
oxidant-monosilane  ratio  is  presented. 


2.  Experimental 

An  extensive  set  of  silicon  oxide  films  were  ob¬ 
tained  by  irradiation  of  a  N2O,  SiH4  gas  mixture 
diluted  in  Ar  (purging  gas)  inside  a  reaction  cham¬ 
ber  which  has  been  described  previously  [8].  The 
oxidant-monosilane  flow  ratio  was  changed  from 
2.5  to  100  by  varying  the  silane  flow  rate,  keeping 
the  N2O  and  the  Ar  flow  rates  constant  at  40  and 
60  seem,  respectively.  The  total  pressure  in  the 
reactor  was  kept  constant  at  40  Torr  by  an  exhaust 
control  valve.  Photons  were  supplied  by  a  Questek 
2460  ArF  excimer  laser  {a  =  193  nm).  The  rectan¬ 
gular  beam  is  focussed  and  enters  into  the  reactor 
parallel  to  the  substrate  through  a  Suprasil  win¬ 
dow.  The  substrate  is  placed  horizontally  on  a  tem¬ 
perature-controlled  holder.  All  experiments  were 
performed  at  a  fixed  laser  pulse  energy  in  the  cham¬ 
ber  of  40  mJ  at  10  Hz  (energy  density  = 
200mJcm"^)  and  on  (100)  silicon  samples  at 
250°C.  This  serves  to  deposit  well-adhering  and 
scratch-resistant  films  for  a  useful  range  of  gas  flow 
rates  and  total  pressure  in  the  chamber  [2]. 

The  refractive  index,  n,  and  thickness  of  the 
films  were  measured  by  single-wavelength 
{a  =  632.8  nm)  ellipsometry.  Information  about  the 
resonant  bonds  in  the  film  in  the  infrared  region 
was  obtained  by  transmission  Fourier-transform 
spectroscopy  (FTIR).  The  bonded  H  is  detected  by 
infrared  spectroscopy  as  Si-H  (2100-2260 cm" ^ 
and  880  cm  bands),  Si-OH  and  H2O 


(3300-3700  cm"  ^  and  940  cm”^  vibrations  [9-12]. 
Film  stoichiometries  were  determined  by  Ruther¬ 
ford  backscattering  spectrometry  (RBS).  Elastic  re¬ 
coil  detection  analysis  (ERDA)  was  used  to  quan¬ 
tify  the  hydrogen  content  of  the  films. 


3.  Results 

The  presence  of  a  broad  range  of  Si-H  and 
Si-OH  groups  detected  by  FTIR  is  shown  in  Fig.  1. 
Special  attention  was  paid  to  the  Si-H  stretching 
mode  because  this  band  is  not  overlapped  by  the 
presence  of  any  other  vibration  mode.  A  very  clear 
evolution  of  the  Si-H  modes  is  observed  when 
oxidant-monosilane  ratios  are  increased.  Simulta¬ 
neously,  the  Si-O  bending  band  emerges  indicating 
that  full-oxidized  films  have  been  obtained.  Fur¬ 
thermore,  the  presence  of  hydroxyl  groups  (Si-OH 
and  absorbed  water)  incorporated  into  the  film 
during  the  ageing  in  atmospheric  humidity,  was 
observed  in  the  bands  located  at  3350  and 
940  cm"  ^  (Fig.  1).  The  evolution  of  the  Si-OH  and 
the  Si-H  bonds  with  the  [N2O]  /  [SiH4]  ratio  is 
shown  in  Fig.  2.  The  decrease  in  the  Si-H  stretching 
area  correlates  with  an  increase  in  the  silanol 
groups,  reaching  both  the  saturated  values  for  ra¬ 
tios  >  20. 

The  stoichiometry  and  the  hydrogen  content  in 
the  film  was  obtained  using  RBS  and  ERDA  tech¬ 
niques,  respectively.  No  carbon  or  nitrogen  was 
detected  in  the  films.  These  contaminants,  although 
usually  quite  relevant  for  low-temperature  pro¬ 
cesses  and  when  using  N2O  as  oxygen  donor,  do 
not  reach  the  level  of  sensitivity  of  the  techniques 
used.  The  H  content  as  determined  by  ERDA  ver¬ 
sus  the  precursor  gases  ratio  is  plotted  in  Fig.  3.  As 
observed,  the  higher  the  N20/SiH4  flow  rate  ratio, 
the  greater  the  H  content  in  the  film.  Opposite 
tendencies  are  observed  in  Fig.  4,  where  the  quanti¬ 
ty  of  Si-H  bonds  and  H  content  are  plotted  as 
a  function  of  deposition  growth  rate.  The  Si-H 
bond  concentration  was  calculated  from  the  FTIR 
data  and  the  film  thickness  [13,  14]. 

In  addition,  ellipsometry  and  RBS  analyses  were 
performed  to  get  a  more  complete  knowledge  of  the 
film.  From  the  ellipsometric  and  infrared  character¬ 
ization  of  the  layers,  the  evolution  of  refractive 
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Fig.  3.  Hydrogen  content  of  samples  determined  by  ERDA  as  a  function  of  precursor  gases  concentration. 
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Fig.  4.  Concentration  of  Si-H  bonds  (•)  determined  by  FTIR  and  hydrogen  content  (■)  measured  by  ERDA  versus  film  growth  rate. 


indices,  film  stoichiometry  and  main  spectral  fea¬ 
tures  as  a  function  of  flow  rate  ratios  were  analyzed. 
For  low  N20/SiH4  flow  rate  ratios  the  deposited 
films  exhibit  refractive  index  values  higher  than 
those  of  thermally  oxidized  films  {n  =  1.46),  de¬ 
creasing  towards  saturation  values  around  1.45  as 
the  ratios  become  higher.  This  evolution  is  also  in 
agreement  with  the  stoichiometric  values  observed 


by  RBS.  As  the  oxidant  quantity  in  the  gas  mixture 
increases,  the  deposited  material  changes  from 
suboxide  (SiOi.4)  lo  stoichiometric  silica  (Si02). 
Moreover,  the  FTIR  data  confirm  this  behavior. 
The  band  assigned  to  the  Si-O-Si  stretching  bond 
mode  [15,16]  quickly  shifts  from  1043  cm“^ 
to  a  saturation  value  of  1070  cm  commonly 
assigned  to  the  stoichiometric  low-temperature 
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deposited  silica  films,  as  the  N20/SiH4  flow  rate 
ratio  increases.  Simultaneously,  a  decrease  is  ob¬ 
served  in  the  width  at  half-maximum  (FWHM)  for 
this  mode,  from  90  to  68cm"^  in  the  saturation 
region.  As  the  oxidant  presence  increases,  the  film  is 
quickly  oxidized,  getting  a  smaller  range  of  non- 
stoichiometric  Si-O  groups.  The  films  reach  the 
stoichiometric  properties  for  Si02  layers  for  a  rela¬ 
tively  low  N20/SiH4  flow  rate  ratio  in  comparison 
with  other  low-temperature  methods.  Similar  be¬ 
haviors  were  already  observed  and  analyzed  in 
a  previous  work  [7]. 


4.  Discussion 

These  effects  are  based  upon  the  fact  that  chem¬ 
ical  reactions  induced  by  ArF  laser  photons  in  the 
gas  phase  generate  a  long  set  of  products  such  as 
SiO;,-Hj„  H2  and  H2O  that  can  be  incorporated  into 
the  film. 

Precursor  gases,  nitrous  oxide  (cr=  1.04  x 
10" ^^cm^  per  molecule  [7])  and  silane  {a  = 
1.2  X  10"^^  cm^  per  molecule  for  single-photon  ab¬ 
sorption  [17]  and  a  =  6  x  lO""^"^  cm"*^  per  molecule 
for  two-photon  absorption  [18])  are  photodis- 
sociated,  resulting  in  many  species  and  radicals, 
such  as 

SiH4  +  hv  ^  SiH2  +  H2 
SiH4  +  hv-^  SiH2  +  2H 
N20  +  /2V^N2  +  0('D) 

and  the  subsequent  chemical  reactions,  for  in¬ 
stance: 

0('D)  +  SiH4  OH  +  SiH3 
OH  -|-SiH4->H20  -hSiHs. 

Therefore,  the  products  of  the  reactions  in  the 
gas  phase  are  controlled  by  the  nitrous  oxide-silane 
ratio.  For  this  reason,  the  higher  the  silane  partial 
pressure,  the  higher  the  bonded  Si-H  quantity  in 
the  silicon  oxide  matrix  (Figs.  1  and  2).  Moreover, 
from  the  region  2000-2260  cm "  ^  in  the  infrared 
spectra,  additional  information  about  the  local  en¬ 
vironment  of  the  Si-H  group  in  the  silicon  oxide 
matrix  is  obtained.  Four  distinct  subbands  located 


at  2000,  2100,  2195,  and  2260  cm"  ^  can  be  assigned 
to  HSi-Si3-„0„(n  =  0-3)  local  environment  re¬ 
spectively  [10].  For  high  silane  ratios,  there  is  the 
contribution  of  two  subbands  centered  at  2260  and 
2195  cm"  ^  (Fig.  1),  which  correspond  with  a  tet¬ 
rahedral  environment  for  the  Si  of  HSi-03  and 
HSi-Si02,  respectively.  As  the  silane  is  reduced  in 
the  gas  mixture,  both  peaks  decrease  under  the 
FTIR  detection  level,  which  means  that  the  layers 
are  being  gradually  more  oxidized,  showing  that 
the  matrix  evolves  towards  Si02. 

On  the  other  hand,  from  Figs.  4  and  2,  it  is  quite 
clear  that  while  the  hydrogen  content  correlates 
with  the  deposition  rate,  the  Si-H  bond  incorpora¬ 
tion  does  it  with  the  SiH4  content  in  the  gas  mix¬ 
ture.  As  the  N20/SiH4  flow  rate  ratio  is  increased, 
higher  growth  rates  are  achieved  because  the  ni¬ 
trous  oxide  molecules  exhibit  a  greater  UV  photon 
absorption  cross-section  than  silane.  When  these 
photoproduced  species  reach  the  substrate  surface 
at  relatively  low  temperatures,  they  do  not  have 
enough  time  to  avoid  the  creation  of  voids  and/or 
p-voids  containing,  mainly,  H2  and  H2O,  which  is 
in  agreement  with  the  increase  in  H  atoms  observed 
by  ERDA  (Fig.  4)  and  the  increase  of  silanol  groups 
observed  by  FTIR  (Fig.  2).  It  should  be  noted  that 
molecular  hydrogen  is  not  detectable  by  infrared 
spectroscopy. 


5.  Conclusions 

The  incorporation  of  hydrogen  in  silicon  oxide 
films  deposited  by  ArF  laser-CVD  using  N2O  and 
SiH4  as  precursor  gases  was  analyzed.  Two  oppo¬ 
site  tendencies  were  found  for  the  Si-H  bond 
quantity  and  the  total  H  content  in  the  film  when 
the  oxidant-monosilane  ratio  was  varied.  A  cor¬ 
relation  between  the  film  growth  rate  and  the  pre¬ 
cursor  gases  ratio  explains  these  effects  by  the  gen¬ 
eration  of  voids  and/or  p-voids  containing,  mainly, 
H2  and  H2O  in  the  film. 

The  authors  wish  to  thank  J.  Pou  and  D.  Fernan¬ 
dez  for  their  collaboration  in  the  experimental 
work  and  Rodrigo  V.  Mateus  for  helping  with 
ERDA  analyses.  This  work  was  supported  under 
CICYT  project  MAT  92  0373. 
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Abstract 

Effects  of  plasma  treatment  including  or  O2  on  the  properties  of  LPD  oxide  were  investigated.  After  plasma 
treatment,  the  physicochemical  characteristics  of  LPD  oxide  films  were  greatly  improved.  No  matter  whether  with  or 
O2  plasma  treatment,  the  LPD  oxide  film  exhibited  higher  refractive  index  and  lower  P-etch  rate  than  as-deposited  films. 
The  electrical  characteristics  were  also  improved.  This  indicates  that  plasma  treatment  can  effectively  passivate  the 
vacancies  in  LPD  oxide.  It  was  also  found  that  the  treatment  using  O2  source  was  better  than  using  H2.  This  was  the 
same  as  for  the  case  of  thermal  annealing.  Because  the  plasma  treated  LPD  oxide  exhibited  superior  results  to  the 
thermally  annealed  one  and  the  temperature  in  plasma  treatment  was  much  lower  than  that  in  thermal  annealing,  plasma 
treatment  is  more  suitable  for  improving  the  characteristics  of  LPD  oxide  films. 


1.  Introduction 

In  recent  years,  much  attention  has  been  paid  to 
liquid-phase  deposited  (LPD)  silicon  dioxide  [1-6] 
for  its  extremely  low-temperature  processing  and 
simple  apparatus.  The  electrical  properties  of  LPD 
oxide  are  better  than  those  of  chemical  vapor  de¬ 
posited  (CVD)  oxide  [3],  but  still  worse  than  those 
of  thermal  oxide.  In  order  to  further  enlarge  the 
application  of  LPD  oxide  film  to  VLSI  fabrication, 
much  higher  quality  of  LPD  oxide  and  a  better 
interface  have  to  be  achieved. 

To  improve  the  quality  of  the  CVD  oxide  film, 
thermal  annealing  has  usually  been  adopted 
[7-10].  In  the  previous  study  by  Yoshitomi  et  al. 
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[11],  LPD  oxide  films  after  O2  thermal  annealing 
showed  much  improved  characteristics.  However, 
the  annealing  temperature  had  to  be  600°C,  which 
was  so  high  that  the  merit  of  low-temperature  LPD 
oxide  would  be  lost.  In  this  study,  we  have  tried  to 
use  plasma  treatment,  which  is  low-temperature 
process,  to  improve  the  properties  of  LPD  oxide. 

2.  Experimental 

Experimental  apparatus  and  basic  equilibrium 
equations  for  LPD  oxide  deposition  have  been 
described  in  detail  in  our  previous  study  [4].  Thus, 
we  only  give  a  brief  description  of  the  LPD  process 
in  this  study. 

The  immersing  solution  was  prepared  with  75  g 
of  silica  added  to  1.4 1  of  H2SiF6  solution  at  23°C. 
After  stirring  and  filtering  out  undissolved  silica, 
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a  solution  saturated  with  silica  was  obtained.  Then, 
the  saturated  solution  was  diluted  to  a  concentra¬ 
tion  of  3.8  moI/1.  In  order  to  make  a  supersaturated 
state  in  the  solution,  a  boric  acid  solution 
(0.1  mol/1)  was  added.  When  a  Si  substrate  was 
immersed  into  the  supersaturated  solution,  a  de¬ 
position  of  oxide  film  started  rapidly.  All  the  sam¬ 
ples  were  prepared  at  30°C,  while  the  film  thickness 
was  mainly  controlled  by  immersion  time. 

The  n-type  (100)  substrates  with  4-7  Qcm  were 
used.  After  deposition,  the  samples  were  subject  to 
H2  or  O2  plasma  treatment  at  300X  for  one  hour. 
Plasma  treatment  was  performed  in  a  commercial 
13.5  MHz  parallel-plate  plasma  reactor  with  power 
density  of  0.7  W/cm^.  A  gas  mixture  of  H2/N2 
(60  sccm/60  seem)  at  0.25  torr  was  used  in  the  H2 
plasma  treatment  and  O2  gas  (150  seem)  at 
0.25  torr  was  used  in  the  O2  plasma  treatment.  For 
comparison,  some  samples  were  treated  by  thermal 
annealing  at  600X  in  O2  ambient. 

The  film  thickness  and  refractive  index  were 
measured  ellipsometrically.  The  P-etch  rate  was 
examined  using  the  solution  (48%  HF:70% 
HN03:H20  =  3:2:60  in  volume)  at  room  tem¬ 
perature.  The  chemical  composition  was  analyzed 
by  Auger  electron  spectroscopy  (AES).  The  electri¬ 
cal  characteristics  of  the  LPD  oxide  film,  such  as 
leakage  current,  breakdown  field  and  interface  state 
density  were  evaluated  with  metal  oxide  semicon¬ 
ductor  (MOS)  capacitors.  The  area  of  the  A1  gate 
electrode  was  0.126  mm^. 


3.  Results  and  discussion 

3.L  Physical  I  chemical  ejfect 

To  understand  the  effects  of  plasma  treatment  on 
the  physical/chemical  properties  of  the  films,  we 
investigated  the  refractive  index  and  P-etch  rate 
first.  The  results  for  LPD  oxide  films  with  and 
without  plasma  treatment  are  summarized  in 
Table  1.  The  results  of  the  sample  with  600°C  O2 
thermal  annealing  are  also  shown  for  comparison. 
At  first,  we  found  that  the  refractive  index  of  the 
LPD  oxide  after  plasma  treatment  increased  nearly 
to  the  value  of  thermal  oxide.  As  reported  in  other 
studies,  the  oxide  film  with  a  lower  refractive  index 


Table  1 

Summary  of  refractive  index  and  P-etch  rate  of  LPD  oxide  films 
with  plasma  treatment  and  thermal  annealing 


LPD  oxide  films 

Refractive  index, 

n 

P-etch  rate 
(A/s) 

As-deposited 

1.43 

20 

H2  plasma 

1.45 

9.2 

O2  plasma 

1.456 

7.5 

600'C  O2  annealing 

1.432 

7.6 

had  a  less  dense  structure  [12]  and  contained  fluo¬ 
rine  [13].  So,  from  the  change  of  refractive  index, 
we  concluded  that  the  LPD  oxide  structure  was 
denser  after  plasma  treatment.  This  conclusion  was 
consistent  with  the  results  of  the  P-etch  rate  test, 
which  indicated  that  the  P-etch  rate  of  LPD  oxide 
decreased  after  plasma  treatment.  The  denser  the 
LPD  oxide  structure  becomes,  the  lower  the  value 
of  the  P-etch  rate.  The  reason  why  LPD  oxide 
became  denser  after  plasma  treatment  may  also  be 
due  to  the  release  of  fluorine  contained  in  the  film. 
This  fluorine-release  effect  could  also  increase  the 
refractive  index  of  LPD  oxide  [13].  Studies  con¬ 
cerning  the  mechanism  of  release  for  Si-F  bonds 
are  still  in  progress. 

Comparing  the  difference  between  O2  and  H2 
plasma  treatment  in  Table  1,  we  find  that  the  re¬ 
fractive  index  of  LPD  oxide  after  O2  plasma  treat¬ 
ment  had  a  higher  value  of  refractive  index  and 
lower  value  of  P-etch  rate  than  those  after  H2 
plasma  treatment.  This  was  consistent  with  the 
results  of  thermal  annealing  [11].  To  investigate 
this  phenomena,  the  atomic  composition  for  the 
LPD  oxide  with  O2  or  H2  plasma  treatment  was 
studied.  Figs.  l(a)-(c)  showed  the  result  for  as-depo¬ 
sited  LPD  oxide  and  LPD  oxide  after  O2  or  H2 
plasma  treatment,  respectively.  The  AES  depth 
profile  indicated  that  O/Si  ratio  in  the  LPD  oxide 
with  O2  plasma  treatment  was  larger  than  that  with 
H2  plasma  treatment.  These  results  imply  that  the 
O2  plasma  diffused  O2  molecules  into  the  film  and 
filled  the  oxygen  vacancies  [14].  As  a  result  the  film 
became  much  denser  in  structure.  Because  the  oxy¬ 
gen  molecules  were  more  suitable  to  fill  the  oxygen 
vacancies,  the  effect  of  the  O2  plasma  treatment 
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(b) 


(c) 

Fig.  1.  AES  depth  profiles  for  the  LPD  oxide  (a)  as-deposited, 
(b)  with  O2  plasma  treatment,  and  (c)  with  H2  plasma  treatment. 


was  better  than  that  of  H2  plasma  treatment  on 
improving  the  properties  of  LPD  oxide. 

As  shown  in  Table  1,  the  effect  of  plasma  treat¬ 
ment  appears  to  be  better  than  that  of  the  thermal 
annealing  for  the  refractive  index  and  the  P-etch 
rate.  It  implies  that  plasma  treatment  is  a  good 
procedure  for  replacing  thermal  annealing  to  im¬ 
prove  the  properties  of  LPD  oxide. 


3.2.  Electrical  effects 

To  further  check  the  effect  of  plasma  treatment 
on  the  properties  of  LPD  oxide,  the  electrical  char¬ 
acteristics  of  LPD  oxide  including  I-V  and  inter¬ 
face-state  were  investigated.  The  typical  I-~V  char¬ 
acteristics  of  LPD  oxide  films  before  and  after 
plasma  treatment  for  1  h  are  shown  in  Fig.  2.  The 
characteristics  of  the  sample  with  O2  thermal  an¬ 
nealing  are  also  shown  for  comparison.  The 
plasma-treated  samples  showed  a  lower  leakage 
current  at  low  electric  field  (  <  3  MV/cm)  and 
a  higher  breakdown  field  than  as-deposited  and 
thermal  annealed  samples.  In  particular,  the  sample 
with  the  O2  plasma  showed  a  much  higher  break¬ 
down  field  than  that  with  H2  plasma.  This  phenom¬ 
enon  was  suspected  to  be  due  to  less  oxygen 
vacancies  in  the  structure  of  O2  plasma-treated 
LPD  oxide.  That  is,  the  LPD  oxide  with  O2  plasma 
treatment  had  a  denser  structure  and  better  atomic 
composition,  and  as  a  result  exhibited  better  elec¬ 
trical  characteristics.  In  comparison  with  O2  ther¬ 
mal  annealing  (600''C),  the  results  also  reveal  that 
the  O2  plasma  treatment  could  effectively  passivate 
the  defects  in  LPD  oxide  film  at  low  temperature. 
The  histogram  of  breakdown  field  for  the  samples 
including  as-deposited,  O2  annealed,  H2  plasma 


Fig.  2.  J-E  characteristics  for  the  samples  with  and  without 
plasma  treatment  and  the  sample  with  O2  thermal  annealing  at 
600°C. 


84 


C.F.  Yeh,  S.S.  Lin  j  Journal  of  Non-Cfystalline  Solids  187  (1995)  81-85 


Breakdown  Field  (MV/cm) 

Fig.  3.  Breakdown  field  histogram  for  the  LPD  oxide  with  or 
without  plasma  treatment  and  the  sample  with  O2  thermal 
annealing  at  600"C. 


Bandgap  Energy  (eV) 

Fig.  4.  Interface  state  density  distribution  for  the  samples  with 
and  without  plasma  treatment  and  the  sample  with  O2  thermal 
annealing  at  600°C.  Lines  are  drawn  as  guides  for  the  eye. 

and  O2  plasma  are  shown  in  Fig.  3.  We  find  that 
the  O2  plasma-treated  LPD  oxide  has  a  better 
distribution  at  high  breakdown  field  than  others. 

To  investigate  the  interface  characteristics  of 
LPD  oxide  after  plasma  treatment,  the  interface 
trap  densities  (Di^)  for  the  samples  after  O2  or  H2 
plasma  treatment  were  calculated  by  the  Terman 
method  [15].  As  shown  in  Fig.  4,  the  interface  trap 


density  was  about  5  x  10^  ^  eV“  ^  cm~^  for  as-de¬ 
posited  samples,  while  it  was  as  low  as 
2  X  10^^  eV“  ^  cm"^  for  O2  plasma  treated  samples. 
The  improvement  of  Du  at  midgap  was  almost  the 
same  for  the  samples  with  O2  or  H2  plasma  treat¬ 
ment,  and  it  is  suspected  that  H  or  O  could  passi¬ 
vate  the  interface  traps  at  midgap  [16].  In  addition, 
the  reduction  of  at  the  band  edge  by  O2  plasma 
treatment  was  more  obvious  than  that  by  H2 
plasma  treatment.  The  interface  traps  near  the 
band  edge  were  attributed  to  be  oxygen  vacancies 
and  weak  Si-O  bonds  [17],  so  in  O2  plasma  treat¬ 
ment  oxygen  might  diffuse  into  the  films  and  reduce 
Du  near  the  band  edge. 

4,  Summary 

The  physicochemical  characteristics  of  LPD  ox¬ 
ide  films  after  plasma  treatment  exhibit  great  im¬ 
provement.  They  have  higher  refractive  index  and 
lower  P-etch  rates  because  they  have  denser  struc¬ 
tures  and  less  fluorine.  The  electrical  characteristics 
also  exhibited  much  improvement:  there  is  a  lower 
leakage  current  and  higher  breakdown  field  due  to 
the  passivation  effect.  The  plasma  treatment  using 
O2  was  more  effective  than  using  H2.  The  plasma 
treatment  also  appeared  superior  to  thermal  an¬ 
nealing.  Thus  we  conclude  that  plasma  treatment  is 
a  more  suitable  method  for  improving  the  charac¬ 
teristics  of  LPD  oxide  films. 

This  work  was  supported  by  the  National 
Science  Council,  Taiwan,  under  contract  number 
NSC-83-0404-E-009-121. 
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Abstract 

Photosensitive,  low  H  content  (Ch  ^  4-6  at.%)  a-SiO.,:  H,  x«  1,  semi-insulating  films  were  deposited  by  means  of  the 
admixture  of  small  amounts  of  oxygen  during  plasma  enhanced  chemical  vapour  deposition  (PECVD)  to  the  monosilane 
process  gas.  Oxygen  incorporation  into  the  films  was  favoured  by  a  rotating  two-pole  magnetic  field  (0-  27  mT)  and  by 
increasing  the  power-source  frequency  from  1.2  to  13.56  MHz.  Film  characterization  was  performed  measuring 
UV/VIS/IR  transmission,  photo-  and  dark  conductivities  and  determining  the  gap  state  distribution  by  the  constant 
photocurrent  method  (CPM).  IR-analysis  included  also  the  previously  neglected  formation  of  dihydride  configurations. 
Three  Si-O-Si  stretching  vibrations  at  980,  1030  and  1080  cm“^  assigned  to  different  oxydation  states  were  found.  Thus, 
the  reported  shift  of  the  Si-O  stretching  vibration  frequency  with  increasing  oxygen  concentration  is  caused  by 
a  changing  distribution  of  bonding  configurations  with  a  different  oxidation  state.  Evidence  for  the  formation  of 
a  clustered  O-rich  phase  was  found  in  films  with  an  oxygen  content  as  low  as  0.4  at.%.  The  deposition  rate  dependence  of 
the  defect  state  density  was  consistent  with  a  model  of  surface  reactions  including  a  two-step  dangling  bond  termination 
via  an  intermediate  Si-O-Si  state  whose  first  step  of  Si-O-Si  formation  is  rate  determining  and  whose  second  step  is  the 
recombination  of  two  Si-O-Si  configurations  releasing  O2  and  leaving  two  Si-Si  bonds.  The  distribution  of  oxygen 
induced  defect  states  was  calculated  from  measured  CPM  data. 


1.  Introduction 

Amorphous  silicon  insulators  with  a  small  oxy¬ 
gen  content  a-SiO.^:H,  x«  1,  are  a  suitable  material 
for  a  variety  of  thin  film  applications  including 
pn-junction  passivation  layers,  non-volatile  mem¬ 
ory  devices,  X-ray  sensors,  vidicons  and  xero¬ 
graphic  copying  drums.  The  incorporation  of  small 
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amounts  of  oxygen  into  glow  discharge  a-Si:H 
films  improves  the  charge  acceptance  of  xero¬ 
graphic  drums  [1].  A  remarkable  enhancement  of 
the  photoconductivity  was  observed  in  sputtered 
a-Si:H  films  doped  with  a  slight  amount  of  oxygen 
due  to  an  electron  mobility  enhancement  and  a  re¬ 
duced  Si  dangling  bond  density  [2]. 

A  great  deal  of  work  has  been  done  on  IR-trans- 
mission  analysis  of  the  oxygen  bonding  envir¬ 
onment  in  plasma  enhanced  chemical  vapour 
deposition  (PECVD)  deposited  a-SiO;c'H  films 
[3-13].  Up  to  now  IR-transmission  analysis  was 
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restricted  to  the  situation  in  which  the  hydrogen  is 
incorporated  in  the  monohydride  configuration 
[3,5,12],  although  evidence  of  dihydride  bonding  is 
found  from  analyzing  data  in  Ref.  [3,5]. 

The  nature  of  localized  states  in  a-SiO;c’H  was 
investigated  in  [14].  It  was  found  that  the  incorpo¬ 
ration  of  oxygen  increases  the  density  of  charged 
dangling  bonds  in  comparision  to  a-Si:H. 

This  work  deals  with  low  hydrogen  content  a- 
SiO;^:H  films  deposited  by  PECVD  varying  the 
strength  of  rotating  magnetic  fields  (0-27  mT)  and 
the  rf  frequency  (1,2;  13.56  MHz). 


2.  Experimental  procedure 

Magnetically  enhanced  glow  discharge  depos¬ 
ition  was  performed  in  a  capacitively  coupled  diode 
type  reactor  which  consists  of  two  electrodes  (area 
-  109  cm^,  electrode  gap  -  2.5  cm)  inside  a  cylin¬ 
drical  quartz  glass  tube.  The  silane  gas  was  injected 
by  means  of  a  gas  shower  through  the  rf  electrode. 
Two-  and  four-pole  magnetic  fields  rotating  with 
a  frequency  of  2.7  Hz  in  parallel  with  the  substrate 
surface  were  generated  by  electromagnets  posi¬ 
tioned  outside  the  glass  tube. 

Semi-insulating  a-SiO^^’H  film  was  deposited 
at  250°C,  40-50  Pa,  4  W  (1.2  MHz)  or  2  W 
(13.56  MHz).  The  admixture  of  small  amounts  of 
oxygen  (50-500  ppm)  was  realized  using  hydrogen 
as  a  diluent. 

The  thickness,  refractive  index  and  optical  gap  of 
films  deposited  on  Corning  7059  glass  substrates 
were  determined  from  optical  transmission 
measurements.  Electrical  properties  were  measured 
using  coplanar  aluminium  electrodes.  Absorption 
spectra  for  lower  photon  energies  (down  to  0.5  eV) 
were  derived  from  de  constant  photocurrent 
measurements  (CPM).  The  absorption  coefficient 
at  1.2  eV  was  used  to  estimate  the  defect  density 
Hd  cm“^  =  3x  10^^  ai,2ev  cm“^  [15].  The  absorp¬ 
tion  spectra  were  deconvoluted  following  [16]  to 
extract  the  density  of  states  (DOS).  Stability  against 
illumination  was  investigated  by  determining  the 
light  soaked  gap  state  densities  using  CPM  [17]. 

IR-spectra  of  films  deposited  on  silicon  substra¬ 
tes  were  deconvoluted  using  software  developed 
previously  for  the  analysis  of  the  C-H  stretch 


Table  1 

Frequencies  of  the  Si-H  and  Si-O  stretching  modes 


Si-O  modes 

Si-FI  modes 

Frequency 

Bond 

Frequency 

Bond 

(cm-') 

configuration 

(cm-') 

configuration 

0.980 

H-Si-O 

1995 

SiH  (a-Si:H) 

1.030 

O^Si^-O-Si^Oj 

2070 

SiH^  (a-Si:H) 

1.080 

Si-O  (a-SiOj) 

2090 

HSi30 

2150 

H^Si^O 

2190 

HSi^O^ 

2220 

H^SiO^ 

2250 

HSi03 

modes  of  a-Sii_;cCx^H  films  [18].  Fit  parameters 
(number  of  peaks,  peak  position,  peak  half  max¬ 
imum  full  width)  as  well  as  those  known  in  litera¬ 
ture  were  used.  A  nearly  constant  hydrogen  content 
in  the  films  of  about  6  at.%  was  estimated  using  the 
630  cm  absorption.  Local  stretching  vibrations 
of  a  configuration  in  which  oxygen  and  hydrogen 
atoms  are  bound  to  the  same  silicon  atom  are 
summarized  in  Table  1. 


3.  Results  and  discussion 

The  deposition  temperature  and  growth  rate  de¬ 
pendence  of  the  defect  density  in  a-SiO^c-H  films 
differs  from  the  one  proposed  for  a-Si:H.  In  the 
latter  case,  based  on  the  balance  between  rates  of 
microscopic  dangling  bond  creation  and  saturation 
reactions  on  the  steady-state  growing  surface  [19]: 

».  =  C,exp(§)  +  |»p(^), 

where  is  the  defect  density  per  unit  area. 
Cl  =  10^cm‘^  C2  =  1.042X  10'^cm-4"\  E,  = 
0.3  eV,  E2  =  0.9  eV  and  R  is  the  growth  rate  in 
cm/s.  For  a-SiO^:H  we  add  an  additional  term 

C3-R-exp(  -  Ea/kT), 

where  £3  =  0.45  eV  and  C3  rises  with  oxygen  ad¬ 
mixture  as  well  as  with  increasing  magnetic  field 
strength  or  rf-frequency,  e.g.,  with  increasing 
plasma  excitation.  The  deposition  rate  dependence 
of  the  additional  term  is  consistent  with  a  two-step 


88 


G.  Suchaneck  et  al.  I  Journal  of  Non-CfystaUine  Solids  187  (1995)  86-90 


C(0)  at% 


Fig.  1.  Integral  absorption  strengths  versus  oxygen  content:  1, 
980  cm 2,  1030  cm“^;  3,  1080  cm 4,  1995  cm"  5, 
2080  cm"  6,  2150  cm"  7,  2230  cm "F  Lines  are  drawn  as 
guides  for  the  eye. 


surface  recombination  process  whose  first  step  is 
rate  determining.  In  the  first  step,  an  intermediate 
Si-O-Si  state  is  formed.  Then,  the  Si-O-Si  config¬ 
uration  migrates  on  the  growing  surface.  The  sec¬ 
ond  step  is  the  recombination  of  two  Si-O-Si 
configurations  releasing  O2  and  leaving  two  Si-Si 
bonds.  A  similar  process  for  Si-H-Si  was  proposed 
in  Ref.  [20]. 

Fig.  1  shows  the  integral  absorption  strength  of 
oxygen  and  hydrogen  related  peaks  as  a  function  of 
oxygen  content.  The  three  obtained  Si-O-Si 
stretching  modes  (the  first  one  with  a  peak  position 
at  980  cm“^  and  a  FWHM  value  of  140  cm“\  the 
second  one  around  1030  cm”  ^  and  a  FWHM  value 
of  about  40cm“^  and  a  last  one  at 
1070-1080 cm” ^  whose  FWHM  value  is  about 
80  cm” reproduce  the  broad  shifting  from  980  to 
1080  cm”^  found  in  the  literature  [4-8].  The  thre¬ 
shold  for  the  detection  of  the  1030  cm”^  vibration 
was  as  low  as  0.4  at.%  oxygen.  The  out  of  phase 
mode  at  1 150  cm  ”  Mn  which  the  silicon  and  oxygen 
sublattices  of  Si02  clusters  move  against  each  other 
was  detected  in  samples  with  an  oxygen  content 
exceeding  10  at.%.  Correlations  of  the  oxygen  con¬ 
tent  with  the  absorption  strength  of  other  oxygen 
related  IR  peaks  were  similar  with  results  in  Ref. 
[3]  with  the  exception  of  a  weaker  dependence  of 
the  absorption  at  780  cm  on  oxygen  content. 

To  estimate  the  total  oxygen  content,  the  shift  of 
the  frequency  of  the  IR  vibration  wt  (Fig.  2)  as  well 


0  4  8  12* 


C(0)  (at  %) 

Fig.  2.  Dependence  of  IR  peak  maximum  wave  number  on 
oxygen  content:  1,  980  cm"  2,  1995  cm"  3,  2080  cm"  L  Lines 
are  drawn  as  guides  for  the  eye. 

as  changes  of  the  refractive  index  n,  assumed  to  be 
frequency  independent,  and  the  effective  charge  of 
the  bond  ef  were  taken  into  account.  The  number 
density  of  IR  active  bonds  is  given  by  [21] 

2c8onm^m\  ra(m)dTD 
nef^  )  ^  m  ’ 

where  c  is  the  speed  of  light,  m  the  reduced  mass 
and  (X  the  absorption  coefficient.  With  increasing 
oxygen  content  n  decreases  while  the  frequency  of 
oxygen  related  IR  modes  increase  due  to  the  induc¬ 
tion  effect  [22],  e.g.,  the  modification  in  the  electron 
distribution  about  the  silicon  atoms  caused  by  the 
increasing  electronegativity  of  the  nearest  neigh¬ 
bour  atoms.  On  the  other  side,  the  decrease  of  the 
stretching  frequency  of  silicon-hydrogen  bonds  at 
1995  cm”  ^  (Fig.  2)  and  of  the  Si-Si  TO-phonon 
(not  shown)  is  caused  by  lower  force  constants  in 
films  with  more  weak  bonds  as  expected  from 
broader  band  tails  (Fig.  4).  To  quantify  the  induc¬ 
tion  effect  more  precisely,  effective  bond  charges 
were  calculated  from  known  calibration  constants 
[23]: 

^  IcaonWiin 
^  ~  *2  ’ 

and  correlated  with  the  bond  orbital  radii  [24]: 

p  _  p  A  p  B 

i\fj  a  ^  a  y 

a  quantum  mechanical  measure  of  bond  charge 
transfer  from  a  cation  A  to  an  anion  B  (Fig.  3). 
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Fig.  3.  Calculated  effective  bonds  charges  correlated  with  bond- 
orbital  electronegativity.  The  Line  drawn  as  is  a  guide  for  the 
eye. 


Fig.  4.  Density  of  states  of  a-SiO;t:H  films  in  dependence  on 
oxygen  content:  1,  0.7  at.%;  2,  5.5  at.®/©;  3,  10.8  at.%. 


The  observed  minimum  on  Fig.  3  coincides  with 
the  change  of  the  sign  of  the  Pauling  electronegativ¬ 
ity  difference.  Because  of  the  satisfactory  descrip¬ 
tion  of  the  bond  behaviour  by  a  single  bond  in 
a  cavity  of  a  surrounding  material  whose  polariza¬ 
bility  is  characterized  by  and  taking  into  account 
the  small  changes  of  nm^  with  increasing  oxygen 
content,  the  same  calibration  constant  was  used  for 


all  oxydation  states.  Published  values  of 
C(980cm“^)  scatter  within  a  factor  of  3  [3,9].  In 
this  work  the  oxygen  content  was  estimated  using 
a  value  of  C  =  1  x  10^^  cm“^. 

Local  atomic  arrangements  of  Si,  O  and  H  in 
a-SiO;c*H  have  been  studied  by  IR-transmission  for 
an  oxygen  concentration  of  0.9-12.7  and  30  at.%  in 
a-SiOj,:H  films  containing  10-15  at.%  hydrogen 
[3].  Contrary  to  our  results,  up  to  12.7  at.%  oxy¬ 
gen,  only  bonding  environments  containing  one 
oxygen  atom  were  found.  Additional  IR  features 
associated  with  a  bonding  arrangement  in  which 
the  silicon  atom  has  more  than  one  oxygen  neigh¬ 
bour  were  observed  at  30  at.%  oxygen. 

Fig.  4  shows  the  deconvoluted  DOS.  The  in¬ 
crease  of  the  calculated  Urbach  tail  slopes  and  the 
nearly  constant  defect  peak  half-widths  of  about 
0.135  eV  are  in  good  agreement  with  data  in  [8,14]. 
Contrary  to  previous  work,  the  defect  formation 
energy  decreases  with  increasing  oxygen  content. 


4.  Conclusions 

(1)  A  clustered  O-rich  phase  was  detected  by  IR 
absorption  in  a-SiOj^iH  films  with  an  oxygen  con¬ 
tent  as  low  as  0.4  at.%  deposited  by  magnetic  field 
enhanced  PECVD.  The  threshold  of  the  formation 
of  H-Si-0;c,  X  =  2,  3,  bonding  configurations  was 
obtained  at  an  oxygen  content  of  2.8  at.%. 

(2)  The  previously  reported  shift  of  the  Si-O 
stretching  vibration  frequency  from  980  to 
1080  cm" ^  with  increasing  oxygen  concentration  is 
caused  by  a  changing  distribution  of  bonding  con¬ 
figurations  with  a  different  oxidation  state.  Regard¬ 
less  of  the  oxydation  state,  the  same  calibration 
constant  can  be  used  for  IR  absorption  oxygen 
content  determination. 

(3)  Both  the  increasing  number  of  weak  bonds 
characterized  by  broader  band  tails  and  the  de¬ 
creasing  dangling  bond  formation  energy  are  re¬ 
sponsible  for  the  increase  of  the  dangling  bond 
density  in  a-SiO^:H  films. 

The  help  of  J.  Schmal  performing  DOS  calcu¬ 
lations  is  greatly  appreciated  by  the  authors.  This 
work  was  supported  by  the  German  Bundesminis- 
terium  fiir  Forschung  und  Technologic. 
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Abstract 

The  structure  of  vitreous  Si02  and  SiO;,  films  has  been  studied  using  IR-spectroscopy,  gravimetry  and  computer 
modeling.  Deconvolution  of  the  silicon-oxygen  stretching  band  into  Gaussian  profiles  is  carried  out,  the  main 
parameters  of  elementary  vibrational  bands  are  determined  and  the  corresponding  Si-O-Si  bond  angles  are  calculated. 
Comparison  of  these  data  with  oxide  density  and  with  the  results  of  computer  simulation  of  the  silica  structure  in  the 
context  of  the  random  bonding  model  enables  definite  conclusions  on  the  nature  of  the  fundamental  structural 
composition  of  Si02  and  SiO;^  films  to  be  made. 


1.  Introduction 

The  structure  of  vitreous  silica  is  characterized 
by  both  short-range  and  local  order.  In  the  case  of 
SiOa,  SiO^  tetrahedra  form  interconnecting  rings 
of  certain  configurations  [1].  The  structure  of  SiO^^ 
is  often  represented  as  a  mixture  of  Si-Oy-Si4_j; 
complexes  (0  <  y  <  4)  [2].  Such  structural  compo¬ 
nents  (certain  types  of  rings  or  molecular  com¬ 
plexes)  have  to  possess  different  parameters  (mainly 
Si-O-Si  bond  angle  values)  and  should  be  charac¬ 
terized  by  a  certain  range  of  oxygen  vibrational 
frequencies  [3].  Using  deconvolution  of  the  IR-ab- 
sorption  spectral  curve  into  elementary  profiles  and 
analyzing  their  positions  and  intensities,  one  can 
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determine  the  kind  and  the  contribution  of  struc¬ 
tural  components  and  estimate  the  structural  ar¬ 
rangement  of  the  constituent  atoms.  In  the  present 
paper  such  an  approach  was  used  for  the  analysis  of 
Si02  and  SiO^^  film  structures. 


2.  Experimental  procedure 

Si02  films  were  thermally  grown  at  900  or  lOOO'^C 
in  dry  oxygen  on  p-type  silicon  substrates.  Oxide 
thickness  varied  within  the  range  4  <  do  <30  nm. 
SiOx  films  (130-950  nm  thick)  of  various  composi¬ 
tions  (0.2  <  X  <  1)  were  deposited  on  the  Si  substra¬ 
tes  using  standard  chemical  vapour  deposition 
(CVD)  technology.  The  value  of  x  was  determined 
using  Rutherford  backscattering  technique. 

The  transmission  infra-red  spectra  of  the  films 
were  measured  over  the  wave  number  range 
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950  <  V  <  1300  cm  \  where  the  main  absorption 
band  of  Si02  and  SiO^^  is  located.  The  analysis  of 
the  shape  of  the  absorption  band  was  carried  out 
by  the  method  of  computer  deconvolution  of  the 
absorbance  curves  into  Gaussian  profiles  [3].  The 
position  of  the  maximum,  W,  full  width,  H,  at 
half-maximum  and  the  areas,  S',  were  determined 
for  every  elementary  band.  Mean  values  of  W  were 
used  for  calculation  of  the  mean  values  of  Si-O-Si 
bond  angles  (0),  which  correspond  to  every  elemen¬ 
tary  vibrational  band  [3,4]: 


W 


'2 

m 


sin^ 


e 

2 


+  jS  cos 


(1) 


where  m  is  the  mass  of  oxygen  atom,  and  a  and 
P  are  central  and  non-central  force  constants  (610 
and  100Nm“S  respectively  [3,4]).  On  the  other 
hand,  we  have  calculated  the  distribution  function 
for  the  oxygen  bond  angles  in  different  types  of 
Si02  clusters  consisting  of  a  mixture  of  six-  and 
threefold,  six-  and  fourfold,  six-  and  fivefold  rings  of 
Si04  tetrahedra.  Every  cluster  contained  about  150 
atoms.  The  energy  minimization  was  carried  out  on 
the  basis  of  a  semiempirical  technique  [5]. 

In  the  case  of  Si02  films  the  weight  of  the  both 
side  oxidized  substrates  and  the  substrates  after 
subsequent  removal  of  the  oxide  by  etching  was 
obtained  with  an  accuracy  of  2x  10~^  g  using  an 
analytical  balance.  The  difference  between  these 
values  divided  by  2do  gave  us  the  oxide  density,  p. 
The  measurement  of  the  oxide  film  thickness  was 
performed  by  laser  ellipsometry  (632.8  nm)  under 
several  angles  of  beam  incidence  (45°,  60°  and  70°); 


the  random  error  did  not  exceed  2%.  The  accuracy 
of  p  determination  was  within  the  range  3-lOyo. 


3.  Results 

Fig.  1  shows  the  results  of  deconvolution  of  the 
main  absorption  band  of  ultrathin  Si02  film.  The 
parameters  of  both  elementary  bands  (Table  1) 
correlates  rather  well  with  those  obtained  in  earlier 
works  [3,6,7].  According  to  Eq.  (1)  the  profiles  may 
be  caused  by  stretching  transverse  vibrations  of  the 
bridging  oxygen  atoms  with  most  probable 
Si-O-Si  angles  of  ^131°  and  ^  143°. 

In  the  inset  of  Fig.  1  the  comparison  between  IR 
and  gravimetry  data  is  shown.  It  is  important  to 
note  that  properties  of  ultrathin  oxide  films  strongly 
depend  on  oxide  thickness  [8-10].  For  our  samples 


WAVENUMBER  (cirf*  ) 

Fig.  1.  Deconvolution  of  Si-O  band  into  Gaussian  profiles  for 
Si02  film  7  nm  thick.  The  inset  shows  the  correlation  between 
the  contribution  of  the  elementary  band  1  and  the  oxide  density. 


Table  1 

Parameters  of  the  elementary  bands 


Band 

Maximum  position 
(cm  ‘) 

Full  width  at  half  maximum 
(cm-‘) 

Si-O-Si  angle 

Dominant  structural  component 

Si02  films 

1 

1054  ±  4 

57  +  3 

131  ±  r 

fourfold  Si04  rings 

2 

1090  ±  5 

43  ±  3 

143  ±  1° 

four-  and  sixfold  Si04  rings 

SiOx  films 

Xi 

1000  ±  10 

56  ±5 

118  +  2° 

Si-O-Sis  complex 

X2 

1038  ±3 

47  ±7 

127  ±  r 

Si-02-Si2  complex 

X3 

1066  ±  5 

55  ±5 

136  ±2° 

Si-03-Si  complex 

X4 

1092  ±  7 

63  ±  1 

145  ±  3° 

Si-04  tetrahedron 
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the  oxide  density  varied  from  '-2.1gcm"^ 
{do  ^  14  nm)  up  to  3.2  g cm" ^  {do  ^  4  nm).  The 
shape  of  the  absorbance  curve  changed  with  oxide 
thickness  also,  which  was  connected  with  the  change 
in  the  relationship  among  the  contribution  of  ele> 
mentary  bands.  It  is  seen  from  Fig,  1  that  specific 
area  of  the  first  profile  Si/S  (where  S  is  the  whole 
band  area)  is  proportional  to  oxide  density  value. 

Fig.  2  shows  the  distribution  of  Si-O-Si  bond 
angles  obtained  as  the  result  of  computer  simula¬ 
tion.  It  is  seen  that  if  the  oxygen  atom  is  a  member 
of  five-  and/or  sixfold  rings  of  Si04  tetrahedra  its 
bond  angle  varies  in  a  rather  narrow  range 
(135°  <9  <  155°)  and  has  the  most  probable  value 
^  144°.  If  oxygen  is  incorporated  into  three-  and 
fourfold  rings  its  angle  distribution  becomes  broad 
and  shifts  to  smaller  angles:  in  these  cases  the  con¬ 
tribution  of  6  <  135°  is  rather  high. 

In  contrast  to  Si02  films  the  main  absorption 
band  of  SiO^  films  is  deconvoluted  into  four  funda- 


t-  (a) 


Si-O-Si  angle 

Fig.  2.  Distribution  of  Si-O-Si  bond  angles  for  different  cases  of 
oxygen  atom  arrangement  in  the  Si02  network:  oxygen  is 
a  member  of  only  sixfold  rings  (a)  and  is  simultaneously  incorp¬ 
orated  into  five-  and  sixfold  (b).  Six-  and  fourfold  (c).  Six-  and 
threefold  (d)  rings.  The  dashed  line  in  (a)  represents  9  distribu¬ 
tion  for  a-quartz  [3]. 


Fig.  3.  Deconvolution  of  Si-O  band  into  Gaussian  profiles  for 
SiO,c  with  X  »  0.28.  The  film  was  annealed  in  dry  N2  at 
900°C  during  1  h.  In  the  inset  the  dependence  of  the  main 
absorption  band  maximum  position  on  x  value  is  shown.  The 
dashed  area  represents  the  results  of  calculation,  experimental 
data  shown  as  squares  [13]  and  triangles  [14]. 

mental  elementary  bands  (Fig.  3).  The  profiles  were 
present  in  the  spectra  of  both  initial  oxide  films  and 
those  after  heat  treatment  (900°C,  1  h).  Parameters 
of  the  elementary  bands  and  corresponding  values 
of  Si-0“Si  bond  angles  calculated  according  to 
Eq.  (1)  are  represented  in  Table  1.  Relative  inten¬ 
sities  of  profiles  varied  with  x  and  due  to  annealing. 


4.  Discussion 

Recently  [3],  we  have  assumed  that  the  elemen¬ 
tary  vibrational  bands  ^  1055  and  1090  cm" ^ 
are  connected  with  the  motion  of  bridging  oxygen 
atoms  which  are  members  of  fourfold  and  sixfold 
Si04  rings  correspondingly.  The  results  obtained  in 
the  present  work  bring  an  additional  information 
to  this  model.  Computer  simulation  of  Si02  struc¬ 
ture  shows  that  only  three-  and  fourfold  rings  pos¬ 
sess  the  bridging  angles  less  than  135°.  Thus,  the 
oxygen  atoms  incorporated  in  such  rings  can  pro¬ 
vide  the  vibrational  frequencies  which  correspond 
to  the  elementary  band  1.  At  the  same  time  fourfold 
rings  cannot  provide  the  existence  of  the  bond 
angles  smaller  than  ~  125°,  such  angles  are  present 
only  in  the  case  of  threefold  rings.  This  may  evid¬ 
ence  the  fact  that  the  Si02  network  contains  some 
threefold  rings  along  with  fourfold  rings.  Such 
a  conclusion  is  in  agreement  with  Raman  scattering 
data  [11]. 
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The  contribution  of  the  first  elementary  band 
correlates  rather  well  with  the  oxide  density  and,  in 
particular,  is  maximum  when  p  reaches  its  max¬ 
imum  value  (~3.2gcm“^).  Such  large  value  is 
characteristic  for  coesite  (2.9-3.0  gem" ^).  The  main 
structural  component  of  coesite  is  a  fourfold  Si04 
ring.  Hence,  summarizing  the  above-mentioned 
points  and  taking  into  account  that  the  amount  of 
threefold  rings  in  silica  lattice  is  rather  small  [11] 
one  can  conclude  that  the  first  elementary  band 
( 1055  cm"  is  mainly  connected  with  vibrations 
of  the  oxygen  atoms  incorporated  into  fourfold 
Si04  rings. 

The  second  elementary  band  (--  1090cm"^) 
corresponds  to  vibrations  of  the  oxygen  atoms  with 
bridging  angles  close  to  ^  144°.  Such  angles  are 
present  in  four-,  five-  and  sixfold  Si04  rings  (see 
Fig.  2).  The  availability  of  fivefold  rings  is  assumed 
in  the  structure  of  such  artificial  Si02  polymorph 
like  keatite,  but  sixfold  ring  is  the  main  structural 
component  of  various  Si02  polymorphs  [1,  12]. 
Therefore,  we  assume  that  in  the  case  of  vitreous 
silica,  sixfold  rings  are  also  more  probable  and  thus 
the  second  elementary  band  is  connected  with  the 
vibrations  of  the  oxygen  atoms  incorporated  into 
four-  and  sixfold  Si04  rings. 

Results  of  deconvolution  of  the  main  absorption 
band  of  SiO^,  films  have  shown  that  in  contrast  to 
Si02  these  oxides  contain  peculiar  structural  com¬ 
ponents.  The  random  bonding  model  (RBM)  of  the 
SiO;c  structure  [2]  suggests  that  these  films  consist 
of  clusters  Si-O^^-Su-y  (0  <  y  <  4).  Four  of  them 
(1  <  y  <  4)  are  IR  active.  Deconvolution  of  the 
SiOjc  absorption  band  revealed  the  existence  of  four 
elementary  contributions.  Hence,  one  may  suppose 
that  certain  types  of  Si-Oy-Si4_y  complexes  corre¬ 
late  with  definite  elementary  bands.  If  this  is  the 
case,  then  in  the  context  of  RBM  statistics  the  areas 
of  the  elementary  bands  must  relate  to  the  prob¬ 
abilities  of  the  oxygen  bridges  existing  with  the 
bond  angle  9.  This  value  is  determined  by  [13] 

P  =  yPy/2x,  (2) 

where  Py  is  the  probability  of  the  cluster  existing 
[13]: 

(3) 


Modeling  of  the  absorption  band  as  a  sum  of 
four  Gaussian  profiles  has  been  carried  out.  The 
ranges  of  variations  in  elementary  band  parameters 
W i  and  Hi  were  chosen  using  our  experimental 
data  (see  Table  1);  the  intensities  of  each  Gaussian 
profile  for  fixed  value  of  x  were  taken  as  /,-  =  P/Hi, 
where  P  was  determined  by  Eqs.  (2)  and  (3),  and 
y  corresponded  to  the  number  of  the  elementary 
band  i.  Using  Monte-Carlo  method  the  range  of 
possible  variations  of  the  absorption  band  max¬ 
imum  position,  Vm,  was  calculated  for  each  value  of 
X  within  the  range  0  <  x  <  2.  The  inset  in  Fig. 
3  shows  the  results  of  calculation  and  the  known 
data  [13,14]  determined  experimentally  for  the 
SiO;,  films.  Good  agreement  enables  us  to  infer  that 
the  elementary  bands  Xi,  X2,  X3  and  X4  are  con¬ 
nected  with  molecular  complexes  Si-Oy-Si4_y  with 
y  =  1,  2,  3  and  4,  respectively. 


5.  Conclusions 

The  silicon-oxygen  stretching  band  may  be  rep¬ 
resented  as  a  sum  of  stable  vibrational  elementary 
bands  with  parameters  depending  on  the  character¬ 
istics  of  short-range  and  local  order.  Oxygen  bond 
angles  and  correspondingly  vibrational  frequencies 
are  distributed  not  chaotically  but  possess  the  most 
probable  values  which  are  rather  unambigously 
connected  with  the  kinds  of  Si04  tetrahedra  rings 
(in  the  case  of  Si02)  or  with  the  types  of  molecular 
Si-Oy“Si4-y  complexes  (in  the  case  of  SiO,-^  with 
X  <  2).  Hence,  analyzing  the  elementary  band  posi¬ 
tion  and  intensities  one  can  determine  the  type  of 
structural  component  and  its  contribution  to  the 
silica  lattice. 
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Abstract 

The  oxide  growth  temperature  and  oxide  film  thickness  dependence  of  the  longitudinal  and  transverse  vibrational 
mode  frequencies  for  the  oxygen-related  asymmetric  stretch  in  Si02  have  been  measured.  By  comparison  with 
calculations,  a  significant  film  thickness  dependence  of  the  transverse  mode  frequency  is  found  due  entirely  to  geometrical 
effects.  The  longitudinal  mode  is  insensitive  to  the  thickness,  at  least  in  the  range  5-400  nm.  The  oxide  growth 
temperature  dependence  is  consistent  with  oxides  produced  at  800X  being  1.6-2%  denser  than  those  produced  at 
1050°C.  Absorption  frequency  variations  observed  for  film  thicknesses  less  than  20  nm  cannot  be  explained  entirely  in 
terms  of  geometrical  effects  and  are  tentatively  attributed  to  densification  or  bridging  bond  angle  reduction  in  the  oxide 
close  to  the  interface  with  the  substrate. 


1.  Introduction 

Trends  in  silicon-based  microelectronics  techno¬ 
logy  suggest  that  if  we  simply  scale  down  future 
devices,  then  metal-oxide-semiconductor  (MOS) 
field-effect  transistors  which  have  gate  lengths  of 
^0.25  pm  will  require  gate  oxides  <5  nm  thick. 
Such  thin  oxides  will  pose  several  problems.  For 
example,  can  one  manufacture,  in  a  rigidly  con¬ 
trolled  fashion,  oxide/Si  interfaces  which  have  a 
roughness  which  is  a  minor  fraction  of  the  oxide 
thickness?  What  are  the  physical  characteristics  of 
such  oxides  as  compared  to  their  thicker  counter¬ 
parts  and  how  are  they  modified  by  the  interfacial 
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Strain  resulting  from  the  lattice  mismatch  between 
the  Si  and  the  Si02?  A  reply  to  the  latter  question 
requires  a  reliable  method  of  characterizing  such 
oxides  and  this,  in  itself,  is  not  a  negligible  problem 
given  the  thickness  of  the  oxide  and  the  conse¬ 
quently  small  sample  volumes  with  which  one  must 
deal.  The  most  promising  technique  to  characterize 
thin  oxides  would  appear  to  be  infra-red  absorp¬ 
tion  spectroscopy  either  using  the  technique  dir¬ 
ectly  or  coupled  with  attenuated  total  reflection 
[1]. 

In  the  present  work  we  have  carried  out  a  de¬ 
tailed  study  of  the  infra-red  absorption  spectrum  of 
Si02  films  grown  thermally  on  Si.  We  have  concen¬ 
trated  on  the  vibrational  peak  associated  with  the 
asymmetric  stretching  motion  of  the  bridging 
O  moving  in  the  plane  of  the  adjacent  Si’s.  We  have 
studied  not  only  the  transverse  optic  mode  (TO) 
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(nominally  at  an  energy  corresponding  to 
1090  cm~  but  also  the  longitudinal  mode  (LO) 
at  ~  1258  cm“  ^  In  the  data  and  calculations  pre¬ 
sented  in  the  following,  we  study  the  frequency  shift 
of  the  TO  and  LO  modes  as  a  function  of  growth 
temperature  of  the  oxide  and,  particularly,  as 
a  function  of  the  oxide  thickness.  Comparing  calcu¬ 
lations  and  experiment  we  demonstrate  the  effects 
arising  from  purely  geometrical  optics  consider¬ 
ations  and  thus  extract  those  variations  resulting 
from  physical  changes  in  the  thin  films.  The  role  of 
interfacial  stress  is  elucidated. 


2.  Experimental  and  results 

A  range  of  thermal  oxides  were  grown  using 
standard  clean  room  procedures  and  a  dry  oxygen 
atmosphere.  Substrates  were  typically  single  face 
polished  Si  (1 0  0)  p  type  (either  Czochralski  or  float 
zone).  The  thickest  oxide  obtained  (400  nm)  was 
grown  at  1050°C  while  other  oxides  (^45nm) 
were  grown  at  800°C.  For  thicker  oxides  at  the 
lower  temperature,  growth  time  was  prohibitive.  In 
general,  to  obtain  infra-red  absorption  data  as 
a  function  of  oxide  thickness,  samples  were  thinned 
in  a  buffered  HF  acid  solution  (commercial 
‘ENERLEC  BE  7:1’,  solution  of  NH4F/HF/H2O). 
However,  a  series  of  oxides  in  the  thickness  range 
5-25  nm  was  grown  directly  using  fixed  temper¬ 
ature  (900°C)  and  varying  the  growth  time  by  dilu¬ 
ting  the  dry  oxygen  in  N2.  Following  oxidation,  the 
rear  face  (unpolished)  oxide  was  removed  in  a  solu¬ 
tion  of  HF  in  ethanol;  this  had  the  advantage  of 
leaving  the  Si  surface  H  terminated  and  free  of  the 
native  oxide.  Film  thickness  measurements  were 
made  using  single  wavelength  {X  =  632.8  nm)  ellip- 
sometry  or  using  spectroscopic  ellipsometry. 

Fourier  transform  infra-red  (FTIR)  spectroscopy 
measurements  were  carried  out  using  a  Bruker  IFS 
66  spectrometer  at  room  temperature.  The  resolu¬ 
tion  was  set  to  4cm“^  and  multiple  scans  were 
performed.  Repetition  of  the  experiment  several 
times  enabled  us  to  check  the  reproducibility  of  the 
measurement  and  the  accuracy  of  the  determina¬ 
tion  of  the  absorption  peak  position.  The  TO  mode 
was  studied  using  a  normal  incidence  beam  while 
the  LO  mode  required  off-normal  incidence  and 


Fig.  1,  Measured  (■)  and  calculated  (  +  )  variation  of  the  posi¬ 
tion  of  the  O  asymmetric  stretch  related  TO  vibrational  mode  as 
a  function  of  film  thickness  in  Si02  grown  on  Si  substrates.  The 
oxide  growth  temperature  was  1050°C. 


p  polarization  (electric  field  parallel  to  the  inci¬ 
dence  plane).  The  angle  yielding  the  most  intense 
LO  peak  was  found  to  be  between  65°  and  70°  to 
the  normal.  In  both  TO  and  LO  mode  studies, 
background  reference  samples  were  used.  These 
were  obtained  from  the  oxidized  wafer  after  strip¬ 
ping  the  oxide  from  both  faces  using  the  HF 
acid/ethanol  etch  solution  designed  to  leave  the  Si 
surface  native  oxide  free  and  hydrogen  terminated. 

In  Fig.  1  we  show  the  results  of  measurements  of 
the  position  of  the  TO  absorption  peak  as  a  func¬ 
tion  of  oxide  thickness  for  a  nominally  400  nm 
thick  film  (1050°C  growth  temperature)  sub¬ 
sequently  etched  back.  Fig.  2(a)  shows  similar  data 
for  a  series  of  samples  obtained  at  different  oxida¬ 
tion  temperatures.  For  the  800°C  oxidized  samples 
the  starting  thickness  was  ^45  nm  while  the  900°C 
samples  were  grown  to  the  thickness  indicated  by 
varying  the  growth  time/02  partial  pressure.  Note 
that  one  set  of  data  is  for  samples  grown  initially 
to  45  nm  at  800°C  in  dry  oxygen,  then  annealed 
in  N2  at  1000°C  for  30  min.  All  samples  show 
a  monotonic  reduction  in  the  frequency  of  the 
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TO  absorption  peak  position  as  a  function  of  oxide 
thickness.  In  Fig.  2(b)  we  include  data  on  the  vari¬ 
ation  of  the  LO  mode  peak  position  as  a  function  of 
oxide  thickness;  one  observes  here  that  the  peak 
positions  show  essentially  no  variation  as  a  func¬ 
tion  of  film  thickness  (except  for  the  thinnest  oxide 
studied,  '^  (3-4  nm)). 


3,  Discussion 


In  the  central  and  non-central  force  approxima¬ 
tion  the  absorption  frequencies  (cu)  of  the  LO  and 
TO  modes  are  given  by  [2] 
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where  Mq  is  the  mass  of  the  oxygen  atom  and  6  is 
the  Si-O-Si  bridging  bond  angle  between  adjacent 
Si04  tetrahedra.  a  and  p  are  the  central  and  non¬ 
central  force  constants;  it  is  generally  assumed  that 
a  ^6^.  7^^  is  a  Coulomb  force  constant  defined  as 
[2] 
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where  M  is  the  atomic  of  Si  and  p  is  the  density  of 
the  Si02.  Zjs  is  the  transverse  electric  charge  re¬ 
lated  to  the  oxygen  stretching  motion,  is  the 
static  electronic  dielectric  constant.  Eqs.  (1)  and  (2) 
are  very  similar  so  that  we  would  expect  that  any 
thickness-dependent  variation  (for  example,  in  9) 
should  manifest  itself  in  the  positions  of  both  the 


Fig.  2.  Infra-red  absorption  peak  positions  in  cm"  ^  for  TO  and 
LO  modes  in  SiO^  as  a  function  of  film  thickness  and  oxide 
growth  temperature;  ♦,  800  C;  ■,  1050  L;  -f ,  800X  + 
lOOO'C  anneal;  •,  900X. 


plore  in  more  detail  the  possible  geometrical  optics 
reasons  for  effective  peak  shifts. 

We  consider  the  cases  of  TO  and  LO  modes 
using  a  classic  approach  for  the  multiple  reflection 
of  beams  incident  on  a  thin  of  Si02  on  an  Si 
substrate  [3].  We  treat  first  the  case  of  the  TO 
mode,  then  the  LO  mode.  The  index  of  the  Si02  is 
assumed  complex  (/tsi02  =  n  -  ik)  while  that  of  the 
Si  is  real  (nsff  It  is  then  straightforward  to  calculate 
the  transmission  coefficients. 

TO  mode 
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LO  and  TO  peaks.  In  Figs.  2(a)  and  (b)  we  see  that 
thickness-dependent  variations  in  the  TO  peak 
position  are  not  similarly  observed  for  the  LO  peak. 
The  only  difference,  the  7^^  parameter  given  by 
Eq.  (3),  has  no  reason  as  far  as  we  can  see  to  show 
film  thickness  dependence.  One  must  therefore  ex- 
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LO  mode 

We  use  a  similar  approach  to  that  for  the  TO 
mode  expect  that  we  must  now  allow  for  an  angle  of 
incidence  6i  and  consider  the  reflection  and  trans¬ 
mission  coeiflcients  for  the  p  polarized  wave. 

Then 

j  ^ _ tp.Tg,«SiCOS03 _  ,5. 
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We  have  assumed  sin  0i  =  (n  —  i/c)  sin  02  = 
tisi  sin03  and  cos  O2  =  a  —  ip  with  a  and  P  real. 

We  note  that  Eqs.  (4)  and  (5)  contain  the  oxide 
thickness,  d,  so  that  variation  of  the  transmission 
with  d  is  expected.  Using  the  tabulated  [4]  fre¬ 
quency  dependence  of  n  and  k  together  with  values 
of  nsi  we  have  calculated  the  position  of  the  max¬ 
imum  of  the  absorbance,  A,  assuming  A  =  log  (1/T) 
as  a  function  of  oxide  film  thickness.  The  results  are 
shown  in  Figs.  1  and  3.  We  observe  that  the  peak 
position  of  the  LO  mode  is  essentially  film  thick¬ 
ness  independent  and  equal  to  1250  cm“^  The  LO 
peak  position  difference  between  experiment  and 
simulation  can  be  explained  by  the  fact  that  in  the 
region  of  weak  infra-red  absorption  (about  8  pm, 
e.g.  1250  cm~  ^),  the  index  values  are  inaccurate  [4]. 
The  position  of  the  maximum  of  the  absorbance  of 
the  TO  mode  is  thickness-dependent  as  observed 


Fig.  3.  Simulated  behaviour  of  the  TO  and  LO  mode  peak 
positions  as  a  function  of  oxide  film  thickness.  The  variations  are 
due  entirely  to  geometrical  effects. 


experimentally  in  Fig.  1.  This  conclusion  then  ac¬ 
counts  for  our  observations  concerning  apparent 
peak  shifts  as  a  function  of  oxide  film  thickness.  The 
theoretical  and  experimental  data  presented  in 
Fig.  1  suggest  that,  for  oxide  film  thicknesses 
<300  nm,  the  thickness-dependent  shift  of  the  TO 
mode  frequency  is  well  anticipated  by  Eq.  (4). 

If  we  examine  the  calculations  presented  in  Fig.  3 
for  the  TO  mode  and  the  experimental  data  for  the 
1050°C  grown  oxide  shown  in  Fig.  2(a),  we  see  that 
for  thicknesses  <  20  nm  the  experimental  peak 
position  shifts  more  rapidly  to  smaller  wave  num¬ 
bers  than  anticipated.  This  more  rapid  variation 
appears  for  all  of  the  oxides  studied  independent  of 
their  growth  temperature.  From  Fig.  2(a)  the  ‘ex¬ 
cess’  shift  is  estimated  to  be  about  —  5cm“^  for 
a  5  nm  thick  oxide.  Although  the  data  are  limited 
for  the  LO  mode  (Fig.  2(b))  it  would  also  appear 
that,  for  the  thinnest  oxide  studied,  there  is  a  shift  of 
the  peak  to  lower  wave  numbers  ~3  cm“^  It  is 
possible  that  these  shifts  may  be  related  to  physical 
rather  than  ‘geometrical’  phenomena. 

Shifts  in  the  peak  position  of  the  infra-red  ab¬ 
sorption  may  be  related  to  physical  variation  of  the 
internal  structure  of  the  Si02  network.  From  data 
on  plastically  densified  Si02  it  has  been  found  [5] 
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that  the  TO  mode  frequency  shift,  dm,  with  density  is 
dm  ^ 

-y-  =  -93  cm^g  .  (6) 

dp 

Inspecting  the  data  shown  in  Fig.  2(a),  we  can  esti¬ 
mate  that  for  the  800^C  grown  oxide  the  absorption 

peak  is  shifted  by  - - 5  cm”  ^  with  respect  to  the 

I050''C  grown  oxide.  From  Eq.  (6)  we  would  esti¬ 
mate,  then,  that  the  SOO^’C  oxide  has  a  density 
'^2.5%  larger  than  that  of  the  1050°C  grown  ox¬ 
ide.  The  refractive  indices  for  these  two  oxides  were 
1.463  (1050X)  and  1.470  (800°C).  Nothing  that  the 
refractive  index  also  varies  with  density  [6]  and 
assuming  [5]  dn/dp  =  0.20  g"  ^  cm^  we  would  de¬ 
duce  from  this  measurement  that  the  800'"C  grown 
oxide  was  1.6%  more  dense  than  the  lOSO^'C  grown 
oxide.  The  densification  hypothesis  can  be  further 
confirmed  if  we  compare  ratios  of  [colo  ”  oojq]. 
From  Eqs.  (1)  and  (2)  we  see  that  this  difference  is 
equal  to  which,  form  Eq.  (3)  is  proportional  to 

the  density.  Comparing  values  for  oxides  grown  at 
1050°C  and  800”C  we  conclude  that  the  800°C  oxide 
is  ~2.1%  denser  than  the  oxide  grown  at  1050''C. 

At  the  present  time  we  have  insufficient  measure¬ 
ments  on  the  TO  and  LO  mode  behaviour  for  very 
thin  oxides.  The  TO  mode  data  shown  in  Fig,  2(a) 
suggest  that  the  very  thin  oxides  (  <  5  nm)  are  again 
denser  than  the  thicker  oxides  by  ~2.5%  and  the 
difference  increases  with  decreasing  thickness.  Un¬ 
fortunately,  refractive  index  measurements  on  such 
thin  oxides  are  too  inaccurate  for  us  to  indepen¬ 
dently  confirm  this  trend.  Similar  trends  are,  how¬ 
ever,  suggested  in  recent  [1]  ATR  measurements  of 
film  thicknesses  in  the  range  0.5-3  nm. 

4.  Conclusions 

The  present  experiments  underline  the  import¬ 
ance  of  taking  account  of  purely  geometrical  effects 


when  analyzing  variations  in  infra-red  absorption 
peak  positions  in  Si02  films.  We  find  that  consid¬ 
eration  of  the  effects  of  multiple  reflections  satisfac¬ 
torily  accounts  for  peak  shifts  observed  in  samples 
in  the  thickness  range  20  nm  <  d  <  300  nm.  Oxide 
growth  temperature  induced  infra-red  peak  shifts 
for  LO  and  TO  modes  are  consistent  with  density 
variations  determined  by  refractive  index  measure¬ 
ments  reinforcing  the  hypothesis  that  lower  growth 
temperatures  result  in  densification  of  the  oxide 
film.  Trends  in  the  shift  of  the  TO  mode  peak 
position  for  oxide  thicknesses  <  20  nm  suggest 
that  for  a  given  growth  temperature  the  film  may  be 
even  denser  close  to  the  Si/Si02  interface.  This 
hypothesis  is  supported  by  recent  ATR  measure¬ 
ments  [6]  on  the  behaviour  of  the  LO  mode  as 
a  function  of  decreasing  oxide  thickness  which  also 
show  a  shift  to  lower  wavenumber.  More  experi¬ 
ments  are  clearly  needed  to  provide  detailed  insight 
into  the  structure  of  the  films  very  close  to  the 
substrate/oxide  interface. 
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Abstract 

The  structural  damage  produced  by  Ar  ion  implantation  into  Si02  layers  has  been  analyzed  with  the  help  of  different 
characterization  techniques.  By  using  infrared  absorption  spectroscopy,  compaction,  bond  distorsion  and  structural 
disorder  have  been  investigated.  The  results  suggest  that  the  dominant  effect  of  the  ion  implantation  is  creation  of 
structural  damage  consisting  of  point  defects  such  as  broken  bonds  and  vacancies.  The  number  of  absorbing  Si-O  bonds 
have  been  calculated  from  the  dielectric  function  dispersion  analysis  which  gives  a  saturation  for  doses  of  the  order  of 
10^^  cm"^.  This  saturation  is  reached  after  15.5%  of  Si-O  bond  breaking.  The  infrared  results  are  also  discussed  together 
with  the  results  obtained  by  electroluminiscence  measurements  performed  in  electrolyte-Si02-Si  systems.  Further,  X-ray 
photoelectron  spectroscopy  measurements  of  Si  2p  core  level  binding  energy  have  allowed  the  damaged  oxide  to  be 
modelled  as  if  it  were  composed  of  suboxide-like  species. 


1.  Introduction 

The  effects  of  radiation  on  Si02-Si  structures 
have  been  studied  for  many  years  and  with  focus  on 
different  purposes.  In  particular,  ion  implantation 
in  Si02  is  of  great  interest  on  account  of  its  techno¬ 
logical  applications  in  microelectronics  as  well  as 
its  interest  in  the  field  of  basic  research  in  amor¬ 
phous  materials. 

In  principle,  defects  created  as  a  consequence  of 
ion  implantation  in  Si02  are  expected  to  be 
similar  to  the  ones  produced  by  other  radiation 
sources:  strained  Si-O-Si  units  and  dispersion  of 
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intertetrahedral  angles  which  are  connected,  re¬ 
spectively,  with  densification  and  disorder.  How¬ 
ever,  distinction  must  be  made  between  ion  im¬ 
plantation  and  other  radiation  sources,  that  is  nu¬ 
clear  collisions  with  target  atoms  emerge  here  as 
the  main  source  of  damage.  Thus,  damage  will 
consist  of  vacancies,  interstitials,  dangling  bonds 
and  some  other  modifications  of  the  local  atomic 
arrangement.  In  this  framework,  we  report  experi¬ 
mental  observations  of  structural  damage  in  ther¬ 
mal  Si02  films  grown  on  silicon  substrates  and 
irradiated  with  different  doses  of  130  KeV  Ar  ions. 
By  using  infrared  absorption  spectroscopy  we  in¬ 
vestigate  modifications  of  the  structure,  for  instance 
densification,  bond  distorsion  and  the  density  of 
defects  such  as  broken  bonds  and  non-bridging 
oxygens.  The  infrared  results  are  compared  and 
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discussed  together  with  the  results  of  the  applica¬ 
tion  of  an  electroluminiscence  technique  based  in 
charge  injection  processes  in  electrolyte-Si02-Si 
systems.  Furthermore,  XPS  measurements  are  also 
reported  to  obtain  a  better  understanding  of  the 
local  structure  of  the  silicon  centred  tetrahedra. 


2.  Samples  and  experiment 

The  substrates  used  were  <100)  n-type  silicon  wa¬ 
fers  with  p  =  3-5  0  cm.  2500  A  thick  oxide  layers 
were  grown  by  wet  oxidation  at  950'^C.  In  different 
samples  we  have  performed  Ar  ion  implantan- 
tions  with  doses  ranging  from  3.2x10^^  to 
3.2  X  10^^  cm“^,  two  doses  in  every  decade 
(Table  1).  The  energy  of  the  ions,  130  KeV,  was 
chosen  so  that  the  maximum  of  the  Ar  implanted 
distribution  stays  in  the  middle  of  the  layer  and  the 
damaged  thickness  comprises  most  of  the  layer 
(this  was  previously  calculated  by  TRIM  simula¬ 
tion).  The  implantation  was  performed  by  using  an 
Eaton  Nova  4206  equipment;  cooling  and  low 
beam  currents  were  used  to  avoid  heating.  Film 
thicknesses  were  measured  by  optical  inter¬ 
ferometry  with  a  Nanospec  AFT  200  of  Nanomet¬ 
rics. 

For  the  Fourier  transform  infrared  spectroscopy 
(FTIR)  experiments,  the  Si02  film  on  the  back  side 
of  the  substrate  was  etched-off  in  order  to  prevent 
infrared  absorption  by  the  unimplanted  film.  Both 
reflection  and  transmission  operation  modes  were 
used  in  a  Bomem  DA3  spectrometer.  Infrared 
spectra  were  measured  for  all  the  samples  in  the 
mid-IR  range  (4000-400  cm “  at  a  resolution  of 
2  cm“h  Raw  spectra  were  appropriately  compared 
with  respect  to  a  bare  silicon  spectrum.  XPS  analy¬ 
sis  of  Si  2p  core  level  was  performed  with  a  Perkin 
Elmer  PHI  5500  after  etching  the  layers  to  half 
thickness  in  order  to  obtain  results  from  bulk  analy¬ 
sis  as  surface  deviations  are  expected. 

The  electroluminiscence  (EL)  measurements 
were  performed  with  an  alternative  technique 
which  is  based  on  the  use  of  an  electrolyte-oxide- 
semiconductor  system  (EOS  system)  to  carry  out 
a  controlled  injection  and  heating  of  electrons  in 
Si02  films  depending  on  the  applied  electric 
field.  This  technique  enabled  us  to  perform  defect 


Table  1 

Implantation  dose  and  the  values  for  the  position,  linewidth  and 
area  of  the  TO3  band  for  the  layers  studied 


Dose  {cm 

Position  (cm  ‘ 

)  Width  (cm ■') 

Area  (a.u.) 

0 

1082.0 

76.0 

23.35 

3.2  X  10'- 

1080.0 

77.5 

22.55 

I.Ox  10'-’ 

1077.5 

82.5 

22.43 

3.2  X  10'-’ 

1069.5 

92.5 

21.91 

I.Ox  lO'-* 

1056.0 

107.0 

20.67 

3.2  X  10'* 

1047.0 

109.0 

20.04 

3.2  X  10'* 

1044.0 

108.5 

20.23 

I.Ox  lO'" 

1043.0 

109.5 

20.42 

3,2  X  10"’ 

1042.5 

110.5 

19.90 

characterization  without  the  need  to  deposit  any 
metal  or  polycrystalline  silicon  contact. 


3.  Results  and  discussion 

3.L  Densification 

We  have  observed  that  for  all  the  samples  the 
thicknesses  diminish  by  up  to  i.5%  after  the  high 
dose  implantation  (of  the  order  of  10^  ^  cm  “  ^).  With 
respect  to  this,  some  authors  have  reported  that  ion 
implantation  into  silica  causes  local  densification  of 
the  structure,  the  same  as  is  found  after  X-ray  or 
neutron  irradiation  [1].  This  is  obviously  a  conse¬ 
quence  of  the  diminution  of  the  Si-O-Si  mean 
angle,  as  density  is  closely  related  with  Si-Si  dis¬ 
tance.  Densification  by  Si-O-Si  angle  reduction 
seems  to  have  a  limited  value  of  6%  [2]  and  after 
irradiation  with  neutron  or  X-rays  a  4%  densifica¬ 
tion  has  been  reported  [2].  This  seems  to  be  the 
same  situation  after  ion  implantation  since  none  of 
the  samples  were  outside  this  range.  Moreover,  the 
absence  of  infrared  bands  arising  from  Si-OH  and 
water  means  that  the  samples  are  not  expected 
porous  and  contamination  from  moisture  is  negli¬ 
gible,  which  is  also  in  favour  of  densification  [1-4]. 

3.2.  Infrared  results 

The  absence  of  impurity  bands  leads  us  to  focus  our 
infrared  work  in  studying  the  evolution  of  the  TO 


B.  Garrido  et  al.  j  Journal  of  Non-Crystalline  Solids  187  (1995)  101-105 


103 


modes.  The  TO3  bond  stretching  band  is  by  far  the 
most  intense  band  and  it  has  been  extensively  con¬ 
nected  with  the  mean  Si-O-Si  intertetrahedral 
angle  and  with  the  width  of  this  angle  distribution 
[5,6].  The  values  for  the  position,  FWHM  and  area 
of  the  TO3  bands  are  shown  in  Table  1.  The  charac¬ 
teristic  behaviour  of  the  silica  stretching  band  is 
briefly  summarized  as  (i)  a  shift  to  lower  frequen¬ 
cies,  (ii)  a  broadening  and  (iii)  a  decrease  of  the 
intensity  and  area.  These  experimental  results  show 
that  shifts  are  as  large  as  40  cm“  ^  and  the  FWHM 
increase  is  about  35  cm"  ^  Fig.  1  displays  the  evolu¬ 
tion  of  the  band  maximum  and  the  linewidth  with 
dose.  All  the  parameters  of  the  band  have  in  com¬ 
mon  a  saturation  after  doses  of  the  order  of 
lO^'^cm"^  (1  Ar  atom  each  5600  Si  atoms).  This 
dose  corresponds  to  a  nuclear  deposited  energy 
density  of  4.7  x  10^^  eV/cm^,  which  is  very  similar 
to  the  value  reported  by  Hiraiwa  and  coworkers 
[7]  for  saturation  of  etching  rate  measurements 
after  B,  P  and  As  low  energy  implantations.  It  is 
very  interesting  to  note  that  this  deposited  energy 
in  saturation  is  only  slightly  higher  than  the  Si-O 
bond  energy  density,  which  is  3.8  eV/bond  or 
3.4x  10"^eV/cml 

The  values  for  the  shifts  and  broadenings  of  the 
TO3  bands  are  far  larger  than  those  deduced  from 
considering  only  distorsion  mechanisms  and  dis¬ 
persion  of  intertetrahedral  angles.  From  the  central 
force  model  one  important  fact  is  that  stressed 
oxides  present  a  TO3  band  which  is  shifted  towards 
lower  wave  numbers.  The  maximum  frequency  of 
the  TO3  band  and  mean  Si-O-Si  angle  are  connec¬ 
ted  by  =  ^0  sin  0/2  where  Ko  =  1134cm"^ 
This  model  also  connects  the  linewidth  with  the 
angular  dispersion  and  density  with  mean  angle 
[5,6]. 

As  was  presented  before,  densification  in  our 
samples  after  high  dose  implantation  was  about 
1.5%  and  hence,  from  the  central  force  model  we 
expect  not  more  than  a  7cm"^  shift  of  the  max¬ 
imum  of  the  TO3  band  to  lower  wave  numbers 
(1082  cm" ^  is  the  value  for  the  non-implanted  ref¬ 
erence  oxide),  which  corresponds  to  an  increment 
of  stress  of  Ae  =  —  2.0  x  10^  dyn/cm^  and  a  dimin¬ 
ution  of  the  Si-O-Si  mean  angle  of  2.2°  (from  its 
reference  value  of  144°).  Likewise,  the  maximum 
increase  on  the  FWHM  of  the  TO3  band  expected 


Dose  (at.  cm^} 


Fig.  1.  Evolution  with  implantation  dose  of  (a)  peak  position, 
(b)  linewidth  and  (c)  the  number  of  broken  bonds.  The  axis  on 
the  right  is  for  curve  c.  Saturation  is  always  present  for  doses 
higher  than  cm  “  The  lines  are  drawn  as  guides  for  the  eye. 


from  the  dispersion  mechanism  is  about  lOcm"^ 
(reference  value  FWHM  =  76  cm"^)  which  means 
that  the  maximum  width  achieved  by  the  bond 
angle  distribution  is  A0  =  29°  (reference  value 
AO  =  26°).  These  are  the  maximum  expected  shift 
and  deformation  values  of  stretching  band  after  the 
implantation  process,  if  only  distorted  tetrahedral 
units  are  considered. 

It  must  be  emphasized  that  the  values  obtained 
for  the  shift  and  broadening  of  the  TO3  band,  40 
and  35cm“S  respectively,  are  clearly  higher  than 
those  expected  from  considering  only  deformation 
of  the  basic  bond  units.  This  situation  leads  to 
suggest  that,  at  high  doses,  the  dominant  mecha¬ 
nism  of  structural  modification  is  the  damage  orig¬ 
inated  by  broken  bonds  and  displaced  atoms.  So,  it 
is  the  presence  of  these  point  defects  which  are 
connected  with  alteration  of  the  environment  of  the 
silicon  atom  that  is  mainly  responsible  for  the 
modification  of  the  vibrational  spectra  [4].  For 
instance,  the  Si-O  bond  stretching  mode  is  posi¬ 
tioned  at  around  1080  cm  "  ^  when  the  structure  is 
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undamaged  and  when  oxygen  is  non-bridging  two 
tetrahedra  as  a  consequence  of  one  broken  bond, 
the  value  is  close  to  950  cm  [8].  Such  a  low 
frequency  component  is  expected  to  cause  the 
whole  band  to  shift  markedly  towards  lower  wave 
numbers.  Moreover,  even  the  absorption  frequency 
of  bridging  oxygens  in  a  damaged  environment  is 
known  to  decrease  systematically  depending  upon 
the  number  of  non-bridging  oxygens  located  in  the 
neighbourhood  and  on  the  electronegativity  of  the 
atoms  surrounding  the  bond  [8,9]. 

3.3.  Concentration  of  absorbing  Si-O  bonds 

The  number  of  absorbing  Si-O  bonds  may  be 
calculated  using  Smakula’s  relationship  between 
the  concentration,  N,  and  the  dielectric  function  of 
the  layers.  By  integrating  coAa  over  the  absorption 
band  of  interest  one  obtains  the  well-known  sum 
rule: 

I  a)Im(A£)d(u  =  B  j  w Im(A£)daj.(l) 

^^5  band  band 

For  the  frequency  dependence  of  the  dielectric  func¬ 
tion,  a  suitable  model  for  amorphous  materials  was 
chosen  [10].  Dispersion  analysis  was  performed  by 
fitting  both  the  transmission  and  reflection  infrared 
spectra  of  the  samples  with  probe  functions  T  and 
R,  whose  dependence  with  dielectric  function  is 
given  by  the  Fresnel  equations  for  layered  systems 
[11].  The  proportionality  factor  B  was  evaluated 
from  the  unimplanted  reference  oxide  and  results  in 
B  =  9.89  X  10^^  cm"  h  It  must  be  said  that  we  have 
assumed  that  factor  B  is  constant  regardless  the 
implantation  dose.  This  is  expected  since  oscillator 
strength  depends  firstly  on  the  Si-O  bond  itself  and 
the  modification  of  the  Si-O  environment  is  ex¬ 
pected  to  be  a  secondary  effect  [1].  As  a  result  of 
the  calculations,  the  number  of  broken  bonds  ob¬ 
tained,  Nr,  is  also  plotted  in  Fig.  1  as  a  function  of 
the  implantation  dose,  where  a  saturating  law  is 
also  observed.  The  maximum  number  of  broken 
bonds  reached  in  saturation  is  15.5%  of  the  total 
initial  number.  All  of  these  results  point  out  that 
although  increasing  irradiation  above  the  thre¬ 
shold  for  saturation,  no  further  net  damage  is  pro¬ 
duced.  Somehow,  the  equilibrium  reached  is 


dynamical  and  that  means  damage  is  produced  at 
the  same  rate  that  interstitial-vacancy  pairs  recom¬ 
bine  and  atomic  bonds  are  restored. 

3.4.  The  electroluminiscence  measurements 

The  electroluminiscence  (EL)  measurements  were 
performed  with  a  technique  based  on  the  use  of  an 
electrolyte-oxide-semiconductor  system  (EOS  sys¬ 
tem)  [12].  Regarding  the  implanted  samples,  their 
EL  spectrum  contains  three  bands  located  at  1.9, 
2.7  and  4.3  eV  which  are  related  with  specific  kinds 
of  defects  of  the  oxide.  The  1.9  eV  band  is  currently 
assigned  to  Si-OH  [13].  The  implantation  pro¬ 
duces  modifications  on  the  intensity  of  this  band 
but  it  is  difficult  to  assign  such  as  big  increase  to 
only  Si-OH  groups.  However,  a  similar  SiO"  de¬ 
fect  could  be  created  by  electron  trapping  at  non¬ 
bridging  oxygen  hole  centres  (NBOH)  so  it  is 
possible  to  attribute  the  rise  of  this  band  to  this 
centre  which  increases  with  bond  breaking.  The 
2.7  eV  EL  band  is  related  with  an  oxygen  vacancy 
defect  [13]  and  its  evolution  with  dose  is  found  to 
be  similar  that  for  the  density  of  broken  bonds.  The 
4.3  band  is  connected  with  defects  at  interface 
[12,13]  and  its  evolution  with  dose  is  minimal. 

3.5.  XPS  measurements  and  the  environment  of  the 
silicon  atom 

XPS  analysis  of  damaged  oxides  is  complex  since 
the  Si  2p  core  level  spectra  have  different  compo¬ 
nents  arising  from  chemical  shifts  and  broadenings 
which  are  a  direct  consequence  of  the  different 
environments  that  silicon  atoms  can  have.  In 
damaged  oxides,  broken  bonds  and  oxygen  va¬ 
cancies  mean  that  silicon  oxidation  number  could 
be  less  than  4  (Si^^  Si*^^,  Si^^).  This  situation  is 
similar  to,  but  not  the  same  as,  the  determination  of 
suboxide  concentration  near  oxide-silicon  interface 
[14].  When  the  oxide  becomes  damaged,  the  band 
shifts  to  lower  binding  energies  and  broadens 
(Fig.  2).  This  is  certainly  to  be  regarded  as  an  effect 
of  the  alteration  of  silicon  environment  and  there¬ 
fore  an  increase  of  the  components  with  lower 
oxidation  numbers.  Saturation  is  also  observed 
after  similar  doses  to  the  ones  reported  above  for 
infrared  results,  so  locally  there  exists  a  similar 
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Fig.  2.  XPS  spectra  for  (a)  reference  unimplanted  samples,  (b) 
3.2xl0^^cm“^  (c)  3.2x  and  (d)  3.2xl0^^cm^^ 

The  vertical  arrow  is  the  reference  position  for  silicon  Si^. 


Table  2 

Values  for  the  shifts  and  linewidths  of  the  components  obtained 
from  the  fitting  of  the  Si  2p  XPS  peak 


Si-"' 

Si^^ 

si-"^ 

si-"^ 

Shift 

1.00 

1.95 

2.95 

3.86 

Linewidth 

0.70 

0.95 

1.10 

1.30 

trend  as  that  for  the  structural  behaviour  com¬ 
mented  before  [15].  We  have  fitted  the  experi¬ 
mental  XPS  spectra  by  allowing  chemical  shifts  and 
linewidths  of  the  components  to  vary  and  the  re¬ 
sults  (Table  2)  are  in  accordance  with  the  values 
reported  in  literature  for  SiO;,  compounds  [14]. 


4.  Conclusions 

The  degree  of  compaction  and  disorder  of  the 
Si02  structure  after  implantation  are  not  able  to 
explain  the  large  shifts  and  broadenings  of  IR 
bands.  Alternatively,  the  dominant  effect  of  the 
implantation  is  to  create  structural  damage,  that  is 


point  defects  such  as  broken  bonds  and  vacancies. 
From  IR  results  we  have  obtained  a  saturation 
behaviour  after  doses  of  the  order  of  10^"^ cm^^ 
which  corresponds  to  15.5%  of  bond  breaking.  The 
EL  results  prove  that  there  is  an  increase  of  the 
density  of  vacancies  and  non-bridging  oxygens 
with  the  implantation  dose.  Moreover,  XPS  analy¬ 
sis  has  shown  that  there  are  different  local  environ¬ 
ments  for  silicons  which  evolve  in  the  same  way  as 
the  IR  spectra.  Chemical  shifts  and  linewidths  for 
the  XPS  spectra  components  are  similar  to  the 
quoted  results  for  SiO^c  compounds. 

The  authors  acknowledge  A.  Baraban  and  P.P. 
Koronov  for  the  electroluminiscence  measure¬ 
ments. 
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Abstract 

Boron  diffusivity  has  been  quantified  in  pure  and  plasma  nitrided  thin  oxide  films.  For  this  study,  p  +  polysilicon 
metahoxide-semiconductor  (MOS)  structures  with  pure  or  nitrided  oxide  gates  have  been  used.  Boron  diffusivity  has 
been  determined  by  fitting  in  the  substrate  the  experimental  boron  profile  with  a  calculated  one.  The  diffusivity  in  pure 
oxide  has  been  obtained  in  the  900“1200°C  temperature  range,  and  the  influence  of  nitridation  has  been  quantified.  As 
expected,  a  lower  diffusivity  in  nitrided  oxide  has  been  obtained.  This  decrease  is  found  to  be  mainly  due  to  a  lower 
pre-exponential  term  in  the  Arrhenius  law.  A  linear  decrease  of  the  activation  energy  with  the  nitrogen  content  has  been 
observed  and  an  explanation  has  been  given  for  this  behaviour. 


1.  Introduction 

In  ultralarge-scale  integration  technology,  the 
trend  toward  smaller  device  dimensions  and  higher 
integration  density  implies  that  very  thin  gate  ox¬ 
ides  are  required  in  complementary  metal-oxide- 
semiconductor  (CMOS)  devices.  Such  dielectrics 
should  have  a  good  chemical  stability,  a  low  inter¬ 
face  state  density,  and  constitute  a  good  diffusion 
barrier  for  impurities.  In  CMOS  devices  in  which 
the  p  -f  polysilicon  gate  electrode  is  highly  doped 
with  boron,  this  diffusion  may  be  indeed  respon¬ 
sible  of  the  oxide  deterioration  through  the  forma- 
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tion  of  interface  states  or  fixed  negative  charges  in 
the  oxide.  The  thinner  the  oxide,  more  severe  can  be 
the  degradation  [1].  As  the  thickness  of  the  oxide 
tends  to  decrease  well  below  10  nm,  it  is  important 
to  be  able  to  predict  how  much  the  boron  will 
diffuse  in  the  gate  oxide  during  the  process  steps, 
and  thus  to  know  the  boron  diffusivity  in  the  oxide 
layer.  So  the  boron  diffusivity  has  been  studied  over 
a  large  temperature  range  in  pure  oxide  annealed  in 
an  inert  ambient. 

To  prevent  any  boron  diffusion  coming  from 
the  polysilicon  gate  during  the  high  temperature 
steps,  the  nitridation  of  the  oxide  appears  to  be 
efficient  [2,3].  In  this  work,  this  fact  has  been  con¬ 
firmed  by  studying  plasma  nitrided  oxides,  and 
the  efficiency  of  this  barrier  of  diffusion  has  been 
quantified. 
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2.  Experimental  procedure 

2.1.  Sample  preparation  and  analysis 

2.1.1.  Sample  preparation 

N-  and  p-type  (1 00)  Si  substrates  were  oxidized 
in  dry  O2  around  900°C-950°C  for  various  dura¬ 
tions  of  time  to  grow  oxide  films  in  the  5-16  nm 
range.  Both  plasma  nitrided  and  non-nitrided  di¬ 
electrics  were  formed  from  the  thermally  grown 
oxide:  the  plasma  nitridation  was  performed  at 
950°C  in  an  ammonia  plasma  at  a  power  of  600  W 
with  a  gas  pressure  of  3xl0"^Torr  for  times 
ranging  from  1  to  6  h.  A  description  of  the  nitrida¬ 
tion  apparatus  and  conditions  can  be  found  in  Ref. 
[2].  A  380  nm  thick  polysilicon  layer  was  then 
deposited  on  each  oxide  film  at  620°C  and  boron 
implanted  with  a  few  10^^  cm“^  dose  and  energy  in 
the  range  25-40  keV.  The  samples  were  encap¬ 
sulated  by  a  40  nm  thick  CVD  oxide  layer  to  pre¬ 
vent  from  any  outward  diffusion  of  boron,  and  then 
annealed  in  dry  N2  in  the  900°C-1200°C  temper¬ 
ature  range  for  a  long  duration,  i.e.,  from  3  h  to 
4  days,  depending  on  the  oxide  thickness  and  the 
annealing  temperature. 

2.1.2.  Nitrogen  profile  analysis 

Auger  depth  profiles  have  been  realized  on 
plasma  nitrided  16  nm  thick  oxide  films  in  order  to 
obtain  the  nitrogen  content. 

The  raw  Auger  profiles  do  not  give  the  actual 
film  composition  because  of  certain  physical  limita¬ 
tions  like  the  broadening  of  the  profiles  due  to 
surface  roughening  and  the  escape  depth  of  the 
Auger  electron.  So  the  raw  Auger  profiles  have  to 
be  deconvoluted  to  take  these  effects  into  account 
[2].  Through  the  deconvoluted  Auger  profiles,  the 
nitrogen  content  in  oxides,  plasma  nitrided  for 
10  min,  1,  3,  and  6  h,  has  been  obtained:  the  major 
part  of  nitrogen  is  concentrated  at  the  surface  oxide 
for  a  few  nanometers  and  just  a  few  A  of  nitrogen  at 
the  Si/Si02  interface.  The  bulk  oxide  remains  es¬ 
sentially  nitrogen  free.  Typical  nitrogen  profiles  at 
the  surface  of  the  oxide  layer  are  shown  in  Fig.  1.  In 
this  figure,  the  nitrogen  atomic  density  has  been 
derived  from  the  relative  concentration  (given  by 
Auger  analysis)  by  considering  a  total  density  of 
4.5  X  10^^  sites  per  cm^  on  the  O  sub-network. 


Fig.  1.  Nitrogen  content  at  the  surface  of  an  oxide  plasma 
nitrided  during:  ■,  10  min;  A,  1  h;  •,  3  h;  ♦,  6  h. 


From  this  figure,  it  is  deduced  that  the  nitrided 
oxide  can  be  roughly  approximated  as  a  bilayer 
structure:  a  superficial  nitrogen  rich  layer  over  the 
remaining  pure  oxide.  The  average  nitrogen  con¬ 
centration  [N]  and  the  thickness  X  of  the  superfi¬ 
cial  nitrogen  rich  layer  are  estimated  from  Fig.  1  for 
the  four  nitridation  times. 

2.1.3.  Boron  profile  analysis 

Due  to  the  extremely  low  thickness  of  the  oxide 
film,  it  is  not  possible  to  characterize  accurately  the 
boron  profile  in  the  thin  oxide  layer.  For  this  rea¬ 
son,  as  will  be  discussed  shortly,  the  boron  diffus- 
ivity  has  been  extracted  from  the  boron  profile  in  the 
substrate.  This  substrate  profile  has  been  measured 
by  secondary  ion  mass  spectroscopy  (SIMS)  and 
spreading  resistance  profiling  (SRP).  Good  agree¬ 
ment  has  been  found  between  the  two  techniques. 

2.2.  Modelling 

Boron  diffusion  is  simulated  through  the  struc¬ 
ture  (polysilicon-oxide-substrate)  using  the  TI¬ 
TAN  process  simulator  [4]. 

The  polysilicon  layer  acts  as  a  constant  source 
diffusion  of  boron:  the  concentration  of  boron  in 
polysilicon  is  constant  because  the  boron  diffusion 
in  polysilicon  is  rapid  (assuring  a  flat  profile  after 
a  very  short  time),  and  the  amount  of  boron  pen¬ 
etrating  into  the  oxide  and  the  substrate  is  small 
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compared  to  the  total  implantation  dose  into  the 
polysilicon.  Boron  diffuses  through  the  pure  or 
plasma-nitrided  oxide  film  with  an  unknown  diffus- 
ivity,  and,  as  the  samples  have  been  annealed  for 
a  long  duration,  can  penetrate  into  the  Si  substrate 
for  each  oxide  thickness.  The  boron  concentration 
is  rather  low  in  the  substrate  and  the  diffusivity  of 
boron  in  silicon  is  the  intrinsic  diffusivity  which  is 
already  well  known.  So  the  boron  profile  in  the 
substrate  depends  only  on  its  effective  diffusivity  in 
the  oxide.  This  diffusivity  can  be  obtained  by  fitting 
in  the  substrate  the  experimental  profile  and  the 
simulated  one. 

The  value  of  the  segregation  coefficient  at  the 
Si/Si02  and  Poly/Si02  interfaces  is  not  unambigu¬ 
ously  determined.  At  the  Si/Si02  interface, 
Charitat  and  Martinez  [5]  obtained  an  average 
segregation  coefficient  equal  to  0.6,  nearly  indepen¬ 
dent  of  the  temperature  in  neutral  ambient,  where¬ 
as  Antoniadis  et  al.  [6],  by  investigating  the  segre¬ 
gation  during  the  oxide  growth,  found  a  segrega¬ 
tion  coefficient  dependent  on  the  temperature,  with 
values  between  0.13  at  900°C  and  0.86  at  1200^C. 
Since  the  experimental  conditions  in  the  present 
work  are  similar  to  the  ones  used  by  Charitat  and 
Martinez,  the  boron  segregation  coefficient  has 
been  chosen  to  be  msi/sio,  =  0-6  for  both  Si/Si02 
and  Poly/Si02  interfaces. 

With  this  approach  the  pure  oxide  film  has  been 
studied  first  by  considering  that  the  boron  diffus¬ 
ivity  is  constant  for  a  given  annealed  temper¬ 
ature.  Once  the  boron  diffusivity  in  pure  oxide  was 
determined,  it  was  possible  to  get,  in  the  same  way, 
the  diffusivity  of  boron  in  the  plasma-nitrided  ox¬ 
ide.  This  oxide  can  be  indeed  considered,  as  men¬ 
tioned  above,  as  the  superposition  of  the  nitrogen 
rich  layer  in  which  the  boron  diffusivity  is  and 
the  pure  oxide  layer  with  the  boron  diffusivity 
just  determined. 

Under  these  conditions  good  fits  were  always 
obtained  between  the  simulated  and  experimental 
profiles  from  both  SIMS  and  SRP  data  on  0.5  to 
1  pm  in  the  substrate.  In  Fig.  2,  the  quality  of  the 
fits  is  illustrated:  for  a  sample  with  a  pure  5  nm 
thick  oxide  and  annealed  at  930'’C  for  48  h, 
the  SIMS  profile  and  the  calculated  profile  are 
perfectly  adjusted  by  using  msi/sio,  =  0.6  and 
^ox  ^  10“^^  cm^s“h  By  changing  the  segregation 


depth  (pm) 

Fig.  2.  Comparison  between  SIMS  (•)  and  simulated  profiles 
(5  nm  thick  pure  oxide,  annealed  48  h  at  930'C):  full  line: 
^”si/si02  =  0-6;  dashed  line;  /nsi,si02  =  0.17. 


coefficient  according  to  the  expression  given  by 
Antoniadis  et  al.  [6],  i.e.  at  930°C  msi/si02  = 
the  quality  of  the  adjustment  is  poorer  in  the  sub¬ 
strate,  whereas  the  new  value  we  got  for  =6 
X  10“^^cm^s“^)  is  about  the  same.  This  result 
confirms  the  choice  for  the  segregation  coefficient. 


3.  Results 

3.1.  In  pure  oxides 

By  fitting  experimental  and  simulated  profiles 
obtained  on  samples  whose  oxide  is  5,  8  or  1 1  nm 
thick,  boron  diffusivity  has  been  obtained  in  pure 
oxide  over  a  large  (900°C-1200°C)  temperature 
range. 

Values  of  the  diffusivity  have  been  obtained  in 
the  1000'’C-1200'"C  temperature  range  through  the 
11  nm  thick  oxide.  To  extend  the  temperature 
range  to  lower  temperatures  thinner  oxide  films  were 
used.  It  has  been  first  verified  that  the  diffusivity  of 
boron  is  independent  of  the  oxide  film  thickness:  it 
has  been  found  that  the  extracted  diffusivities  in 
some  5  nm  thick  oxides  and  1 1  nm  ones  differ  by  at 
most  a  factor  of  two.  This  factor  actually  corres¬ 
ponds  to  experimental  scattering:  this  same  factor 
between  the  diffusivities  has  also  been  extracted 
from  SIMS  data  obtained  on  the  same  sample. 
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Hence,  examination  of  5  and  8  nm  thick  oxide 
films,  allowed  the  temperature  range  to  be  extended 
to  900°C-1000°C. 

All  the  extracted  diffusivities  can  be  fitted  on 
a  single  Arrhenius  law: 

exp(  -Q°7kT) 

with  =  3.2  eV  and  Dq’"  =  2  x  10"^  cm^s"^  rep¬ 
resented  by  the  graph  (a)  in  Fig.  3.  As  the  oxide 
thickness  has  no  systematic  influence  on  the  diffus- 
ivity,  the  5,  8  or  1 1  nm  thick  oxides  have  not  been 
distinguished  in  this  figure. 

The  results  are  in  good  agreement  with  the  ones 
given  in  literature  for  the  temperature  range 
1000°C-1200°C,  particularly  with  the  ones  ob¬ 
tained  by  Wong  and  Lai  [7].  The  use  of  a  wider 
temperature  range  in  this  study  enables  the  deter¬ 
mination  of  the  activation  energy  with  a  better 
accuracy. 

3.2.  In  plasma  nitrided  oxides 

Once  the  boron  difTusivity  in  a  pure  oxide  is 
known,  adjustments  are  made  for  each  of  the 
plasma  nitrided  films  described  as  a  bilayer  (nitro- 


Fig,  3.  Boron  dilTusivity  in  (a)  pure  oxide,  (b)  oxide  nitrided  for 
1  h:  average  [N]  =  1.4  x  10^^  cm“^,  (c)  oxide  nitrided  for  3  h: 
average  [N]  =  2  x  10^^  cm”^ 


gen  rich  layer  with  thickness  X-pure  oxide  layer). 
Next  the  boron  difTusivity  in  the  nitrogen  rich 
layer  as  a  function  of  its  average  nitrogen  concen¬ 
tration  [N]  has  been  obtained  for  several  temper¬ 
atures.  As  shown  in  Fig.  3,  by  reporting  these 
diffusivities  as  a  function  of  the  inverse  of  the  tem¬ 
perature,  the  expected  variation  has  been  obtained 
for  a  given  temperature,  the  more  nitrided  the  ox¬ 
ide,  the  lower  the  difTusivity,  confirming  that  the 
oxide  nitridation  acts  as  a  barrier  of  diffusion  for 
boron.  But  this  efficiency  tends  to  decrease  with  the 
annealing  temperature  and  is  even  expected  to  dis¬ 
appear  around  850°C  as  evidenced  by  the  extra¬ 
polation  shown  by  dashed  lines  in  Fig.  3.  This 
important  fact  will  have  to  be  verified  in  future  work. 

For  each  average  nitrogen  concentration,  the 
difTusivity  values  are  fitted  to  an  Arrhenius  law,  to 
extract  the  activation  energy  and  the  pre-ex¬ 
ponential  term  D'o  \  When  the  nitrogen  concentra¬ 
tion  increases  both  terms  decrease.  The  difference 
_(gnit  _  Qox^  _  ln(Z)o7^o7  are  expressed  as 
a  function  of  the  nitrogen  concentration  (cf. 
Figs.  4(a)  and  (b))  and  a  linear  decrease  of  the  activa¬ 
tion  energy  and  an  exponential  decrease  of  the 
pre-exponential  term  Do  *  with  the  nitrogen  content 
have  been  observed.  Using  this  method  the  follow¬ 
ing  relation  between  difTusivity  and  the  average 
nitrogen  concentration  has  been  obtained: 

=  exp{-Q"7kT), 

Qnit  ^  QOX  _  with  Xq  =  1.06  x  10“^^  eV  cm^; 

Dq^  =  D°o^  exp(— 2s[N])  with  4  =  1.06  x  10~^^  cm^. 


Fig.  4.  Influence  of  N  content  on  (a)  the  activation  energy,  and 
(b)  the  pre-exponential  factor  of  boron  diffusivity. 
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The  exponential  decrease  of  Dq  ^  can,  thus,  be  inter¬ 
preted  as  a  linear  decrease  of  the  diffusion  entropy 
with  [N], 

In  order  to  improve  the  evaluation  of  ?.q  and 
the  actual  local  nitrogen  content  has  been  taken 
into  account  after  deconvoluting  the  Auger  profiles 
in  the  whole  layer  (outer  surface  and  Si/Si02  inter¬ 
face).  Next,  Pick’s  equation  is  solved  for  the  (oxide- 
substrate)  structure  with  a  boron  diffusivity  depen¬ 
dent  on  the  local  nitrogen  concentration: 


^[B] 

ct 


dx 


By  fitting  this  calculated  profile  with  the  experi¬ 
mental  one,  values  of  Aq  and  A5  are  obtained  with 
standard  deviations  of  less  than  2%  of  the  average 
value: 


1.05x10  ^^eVcm^  As  =  9.60x10  cm^. 


4.  Discussion 

In  this  section  a  simple  model  is  proposed  to 
qualitatively  explain  the  linear  decrease  of  the  ac¬ 
tivation  energy  with  the  nitrogen  concentration. 

The  rather  high  activation  energy  in  the  pure 
oxide  suggests  that  boron  does  not  diffuse  via  an 
interstitial  mechanism.  Furthermore,  the  stable 
configuration  of  the  boron  atom  is  a  substitutional 
site  on  the  Si  sub-network.  So  boron  can  diffuse 
through  the  oxide  if  its  bonds  with  first  neighbours 
are  broken,  i.e.  B-O  bonds  in  pure  oxide  and  both 
B-O  and  B-N  bonds  in  nitrided  oxides.  Nitrogen 
atoms  are  assumed  to  be  randomly  distributed  on 
the  O  sub-network.  For  this  reason,  in  Si02,  the 
activation  energy  is  a  function  of  the  energy 
bond  strength  B-O,  whereas,  in  Si02-xN;f,  is 
a  function  of  both  B-O  and  B-N  bond  strengths.  It 
is  assumed  that  in  the  first  order,  Q"**  varies  roughly 
as  the  average  bond  strength  between  B  and  its 
neighbours: 

Q^'^^  =  k(x  eBN  +  (i  -x)eBo), 

where  Qbo  and  2bn  are  the  bonding  energies  of 
B-O  and  B-N,  respectively. 

The  coefficient  of  proportionality  k  is  considered 
first:  in  pure  oxide,  x  =  0  and  2°''  =  k  2bo-  Using 


the  relation  x  =  [N]/4.5  x  10^^,  2"’^  is  expressed  as 
a  function  of  nitrogen  concentration  [N]: 


Qua  ^  gox 


A[N]  with  A 


Q^f  2bo  2bn\ 
2boV4*5x10^V* 


The  exact  values  of  2bo  and  2bn  are  not  experi¬ 
mentally  determined  but  all  existing  thermody¬ 
namical  data  favour  that  2bo  is  greater  than  2bn- 
In  the  diatomic  molecules,  the  bond  strengths  are 
8.4  eV  for  B-O  and  4  eV  for  B-N,  whereas,  the 
formation  enthalpies  are  6.5  eV  per  B  atom  in  B2O3 
and  2.6  eV  for  BN.  So  2bo  —  2bn  is  positive,  sup¬ 
porting  the  linear  decrease  of  2"'^  with  the  nitrogen 
concentration. 

The  value  of  A  has  been  obtained  by  using  bond 
strengths  B-O  and  B-N  in  diatomic  molecules  as 
A  =  3.8  X  10“  eV  cm^;  from  the  formation  enthal¬ 
pies  A  =  4.3  X  10“^^  eV cm^.  Both  these  theoretical 
values  compare  reasonably  well  with  the  experi¬ 
mental  one,  supporting  the  simple  model  that  there 
is  a  correlation  between  2"*^  and  the  average  bond 
strength  in  nitrided  oxide.  This  correlation  explains 
the  linear  decrease  of  the  activation  energy  with 
nitrogen  concentration. 


5.  Conclusions 

By  using  p  -1-  polysilicon  MOS  structures,  an¬ 
nealing  for  long  duration  allows  boron  to  diffuse 
through  the  thin  oxide  into  the  substrate.  By  fitting 
the  boron  experimental  profile  with  the  calculated 
one,  boron  diffusivity  in  the  oxide  has  been  ob¬ 
tained  for  each  structure  annealed  at  a  given  tem¬ 
perature.  In  order  to  get  the  boron  diffusivity  for 
a  large  range  of  temperatures,  structures  with  vari¬ 
ous  oxide  thicknesses  have  been  studied.  All  dif- 
fusivities  have  been  fitted  to  a  single  Arrhenius  law. 

Boron  diffusion  in  plasma  nitrided  oxide  has 
been  quantified  at  temperatures  above  1000°C.  As 
expected  lower  diffusivities  have  been  observed  in 
nitrided  oxides  as  compared  to  pure  ones,  and  this 
is  primarily  due  to  a  lower  value  of  the  pre-ex¬ 
ponential  term.  But  the  efficiency  of  the  nitrided 
oxide  as  a  barrier  of  diffusion  for  boron  has  to  be 
better  determined  at  lower  temperatures  parti¬ 
cularly  around  800°C-850°C.  Finally,  an  explana¬ 
tion  has  been  given  for  the  observed  linear  decrease 
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of  the  activation  energy  with  the  nitrogen  content: 
in  the  nitrided  oxides,  the  diffusion  activation  en¬ 
ergy  is  correlated  with  the  average  bond  strength 
between  B  and  its  neighbours  O  and  N. 
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Abstract 

Photoluminescence  in  Si  ^-implanted  silica  glasses  and  thermal  oxide  films  has  been  studied,  as-implanted  and 
subsequent  to  annealing.  Si  ions  were  implanted  at  room  temperature  or  liquid  nitrogen  temperature  to  a  fluence  of 
~  10^^  ions/cm^.  Two  visible  luminescence  bands  were  found  in  both  silica  glasses  and  thermal  oxide  films:  one  peaked 
around  2.0  eV,  observed  in  as-implanted  specimens  and  annealed  completely  at  about  600°C;  the  other  peaked  around 
1.7  eV,  observed  only  after  heating  specimens  to  about  llOC'C,  the  temperature  at  which  Si  segregates  from  SiO;^.  In 
addition,  a  periodic  interference  pattern  in  the  luminescence  spectra  was  observed  only  in  ion  implanted  thermal  oxide 
films.  It  was  found  that  the  peak  energy  of  the  luminescence  band  around  2.0  eV  depends  on  the  fluences  of  the  implanted 
Si  ions  and  implantation  temperatures,  but  that  of  the  luminescence  band  around  1.7  eV  does  not.  It  was  also  found  that 
the  2.0  eV  band  anneals  in  parallel  to  the  oxygen  vacancy  (E')  centers,  and  that  the  Raman  lines  due  to  Si-Si  bonds  grow 
and  the  interference  patterns  in  optical  absorption  spectrum  are  induced  by  annealing  Si  ^-implanted  specimens  at  higher 
temperature.  Based  on  these  studies,  the  2.0  eV  band  is  ascribed  to  electron-hole  recombination  in  Si-rich  Si02  and  the 
1.7  eV  band  to  electron-hole  recombination  in  the  interface  between  the  Si  nanocrystal  and  the  Si02  formed  by 
segregation  of  crystalline  Si  from  SiO^. 


1.  Introduction 

Ion  implantation  has  been  extensively  employed 
to  modify  the  surface  layers  of  materials  and  to 
synthesize  the  new  phases  having  novel  properties. 
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The  ion  implantation  technique  has  the  advantage 
that  given  numbers  of  ions  can  be  placed  in  a  con¬ 
trolled  depth  distribution  and  it  is  extensively  used 
for  microelectric  applications.  Many  studies  of  ion 
implantation  on  insulating  materials  have  also 
been  carried  out  for  the  purpose  of  modifying  the 
optical  properties  [1-7].  Recently,  it  has  been 
found  that  implantation  of  ions  into  some  insulat¬ 
ing  glasses  gives  rise  to  non-linear  optical  proper¬ 
ties,  due  to  metallic  colloid  formation  [8-10]. 
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Si-related  materials  such  as  Si02  are  widely  used 
in  the  microelectrics  industry  throughout  silicon 
and  other  semiconductor  based  technologies  as 
gate  oxides  in  metal-oxide  semiconductor  field  ef¬ 
fect  transistors  and  as  electrical  insulation.  Re¬ 
cently,  much  attention  has  also  been  paid  to  porous 
Si  [11,12]  and  Si  ultrafine  particles  [13-16]  as 
a  light  source  in  the  visible  range.  Electrolumines¬ 
cent  (EL)  devices  of  porous  Si  have  also  been  made 
by  a  number  of  research  groups  [17,18].  Although 
many  models  of  the  light  emission  from  these 
nanostructures  have  been  proposed,  the  mecha¬ 
nism  is  still  controversial. 

The  present  authors  [19-21]  have  found  that 
implantation  of  Si  ions  into  silica  glass  yields  char¬ 
acteristic  luminescence  bands  near  2.0  eV,  similar 
to  those  of  porous  Si  and  Si  ultrafine  particles, 
suggesting  that  Si  nanoparticles  are  formed  in  the 
glass  phase.  The  Si  nanocrystals  in  Si02  has  ad¬ 
vantages  over  porous  Si  and  Si  ultrafine  particles  as 
a  luminescence  source,  since  the  particles  are  em¬ 
bedded  and  shielded  from  the  atmosphere.  Two 
types  of  luminescence  bands  have  been  found,  one 
in  the  specimen  as  implanted  and  the  other  after 
annealing  at  1100°C,  at  which  SiO;^  becomes  unsta¬ 
ble.  The  luminescence  observed  after  annealing  at 
1100°C  is  of  particular  interest,  since  the  segrega¬ 
tion  of  Si  from  SiO^^  should  result  in  formation  of  Si 
nanocrystals.  Because  of  possible  use  of  Si  nano¬ 
crystals  in  oxides  as  a  higher  photon  energy 
luminescence  source,  it  is  of  interest  to  examine 
carefully  the  photoluminescence  properties  of  Si'^- 
implanted  silica  glass  and  thermal  oxide  films. 

The  purpose  of  this  paper  is  to  report  detailed 
studies  of  photoluminescence  from  Si  ^-implanted 
silica  glass  and  thermal  oxide  films.  By  employing 
the  studies  of  electron  spin  resonance  (ESR), 
Raman  scattering  and  optical  absorption,  we  show 
that  the  luminescence  band  observed  around  2.0  eV 
in  as-implanted  specimen  arises  from  defects  in 
Si-rich  Si02  and  the  luminescence  band  observed 
around  1.7  eV  after  high-temperature  annealing 
arises  from  the  interface  between  the  Si  nanocrystal 
and  the  Si02  formed  by  segregation  of  crystalline  Si 
from  SiO^.  The  mechanism  of  the  emission  of  the 
luminescence  and  the  similarities  and  the  differ¬ 
ences  of  the  luminescence  in  silica  glasses  and  ther¬ 
mal  oxide  films  are  discussed. 


2.  Experimental  procedure 

Synthetic  silica  glasses  (Suprasil  W),  and  oxi¬ 
dized  boron  doped  p-type  Si  wafers  with  a  resist¬ 
ance  of  0.01-0.02  Q  cm  were  used  in  the  present 
experiments.  The  orientation  of  the  Si  wafers  was 
(100).  Thermal  oxide  films  were  obtained  through 
oxidation  of  the  wafers  at  1050°C  for  10  h  in  60% 
H2  and  40%  O2  ambient.  The  oxide  thickness  was 
about  1.75  pm.  Si  ions  with  an  energy  of  1  MeV 
were  implanted  into  specimens  placed  in  vacuum  to 
fluences  of  (1-4)  x  10^"^  ions/cm^.  Implantation  of 
150  keV  Si  ions  was  also  used  for  Raman  measure¬ 
ments,  for  which  a  higher  density  of  implantation 
was  needed.  The  temperature  of  the  substrates  dur¬ 
ing  ion  implantation  was  kept  at  room  or  liquid 
nitrogen  temperature.  Heat  treatments  of  the  im¬ 
planted  specimens  were  carried  out  in  a  vacuum 
using  an  electric  oven. 

Photoluminescence  and  Raman  spectra  of  the 
Si  ^-implanted  specimens  before  and  after  anneal¬ 
ing  were  measured  at  room  temperature  using 
a  conventional  method.  An  Ar-ion  laser  (488  nm, 
2.54  eV)  was  used  as  an  excitation  source  and  the 
luminescence  and  scattered  light  were  detected  by 
a  cooled  photomultiplier  tube,  employing  the 
photon  counting  technique.  ESR  spectra  were  also 
measured  at  room  temperature  using  an  X-band 
spectrometer  with  a  modulation  frequency  of 
100  kHz  and  a  low  microwave  power  of  5  pW. 
Optical  absorption  spectra  were  measured  at  room 
temperature  with  a  conventional  dual-beam  spec¬ 
trophotometer. 

3.  Results 

Implantation  of  Si  ions  into  silica  glass  produces 
an  optical  absorption  spectrum  increasing  from 
about  1.0  eV  towards  the  ultraviolet.  Annealing 
below  1100°C  does  not  change  the  spectrum  ap- 
reciably,  but  annealing  at  1100°C  produces  a  peri¬ 
odic  pattern  with  a  constant  interval,  as  shown  in 
Fig.  1.  It  is  clear  that  the  substantial  change  in  the 
structure  of  implanted  Si  is  induced  by  annealing  at 
1100°C,  the  temperature  at  which  the  SiO^^  phase 
becomes  unstable.  In  order  to  confirm  the  segregation 
of  Si  nanocrystals  after  annealing,  we  examined  the 
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Fig.  1.  Optical  absorption  spectra  of  1  MeV  Si  ^-implanted  sil¬ 
ica  glass  with  a  fluence  of  2  x  10^^  ions/cm“  at  room  temper¬ 
ature,  (a)  without  annealing  and  (b)  after  annealing  at  1100  C 
for  960  min.  Curve  (a)  is  shifted  vertically  to  the  position  of  the 
horizontal  dashed  line.  The  insets  show  Raman  spectra  of  (A) 
150  keV  Si  ^-implanted  silica  glass  with  a  fluence  of 
6  X  10*^  ions/cm‘  at  room  temperature,  after  annealing  at 
llOO'C  for  240  min  and  that  of  (B)  unimplanted  crystalline  Si 
wafer. 


Raman  spectrum.  The  Raman  spectra  of  unim¬ 
planted  specimens  exhibit  a  broad  peak  at 
800  cm  \  attributed  to  the  Si--0-Si  symmetric 
stretching  vibration  mode  [7,22].  We  could  not 
observe  any  change  in  Raman  spectrum  of  the 
specimen  implanted  at  1  MeV  after  annealing  at 
1100°C.  We  observed,  however,  a  growth  of  the 
Si-Si  Raman  line  around  520  cm  in  a  specimen 
implanted  with  150  keV  Si  ions  to  higher  fluence 
after  annealing  at  1 100°C,  as  shown  in  Fig.  1.  It  is 
noted  that  no  luminescence  was  observed  in  this 
specimen. 

Photoluminescence  spectra  of  the  specimens  im¬ 
planted  at  room  temperature  and  liquid  nitrogen 
temperature  to  several  fluences  were  obtained  be¬ 
fore  heat  treatments.  The  results  are  shown  in  Figs.  2 
and  3.  A  broad  luminescence  band  around  2.0  eV  is 
observed.  The  peak  energy  shifts  to  lower  energy 
with  increasing  fluence  of  Si  ions  and  to  higher 
energy  as  implantation  temperature  decreases. 
Moreover,  a  periodic  pattern  with  a  constant  inter¬ 
val  is  observed  only  in  the  thermal  oxide  specimens. 

The  luminescence  spectrum  observed  after  an¬ 
nealing  at  1100°C  was  completely  different  from 


Fig.  2.  Photoluminescence  spectra  of  1  MeV  Si  ^-implanted  sil¬ 
ica  glass  (a)  with  a  fluence  of  2  x  10^  ions/cm^  at  room  temper¬ 
ature,  and  a  fluence  of  1  x  10^  •  ions/cm^  (b)  at  room  temper¬ 
ature  and  (c)  at  liquid  nitrogen  temperature,  without  annealing. 
The  zero  lines  of  curve  (a)  and  (b)  are  shifted  vertically  to  the 
position  of  the  horizontal  dashed  line. 


Fig.  3.  Photoluminescence  spectra  of  1  MeV  Si  ^-implanted 
thermal  oxide  films  on  crystalline  Si  with  fluences  of  (a)  1  x  10*^, 
(b)  2  X  10^  ^  and  (c)  4  x  10^  ^  ions/cm~  at  room  temperature,  with¬ 
out  annealing.  The  zero  lines  of  curve  (b)  and  (c)  are  shifted 
vertically  to  the  position  of  the  horizontal  dashed  line. 

that  shown  in  Figs.  2  and  3,  reflecting  the  change  in 
the  morphology  of  implanted  Si.  The  spectra  of  the 
luminescence  induced  after  annealing  at  1  lOO'^C  are 
shown  in  Fig.  4.  It  is  clear  in  the  figure,  that  an 
additional  peak  is  observed  on  the  low-energy  side 
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Fig.  4.  Photoluminescence  spectra  of  1  MeV  Si '^'implanted  (a) 
silica  glass  and  (b)  thermal  oxide  film  with  fluences  of 
2  X  10^^  ions/cm^  at  room  temperature,  after  subsequent  an¬ 
nealing  at  1 100°C  for  90  min.  The  zero  line  of  curve  (b)  is  shifted 
vertically  to  the  position  of  the  horizontal  dashed  line. 


of  the  spectrum  for  the  Si  implanted  thermal  oxide 
specimen.  Moreover,  the  luminescence  intensity  of 
the  film  is  much  stronger  than  that  of  silica  glass. 
A  similar  luminescence  band  is  also  observed  in 
specimens  implanted  with  Si  ions  to  other  fluences 
at  room  and  at  liquid  nitrogen  temperatures  and 
annealed  at  1100°C.  We  also  found  that  the  shapes 
of  these  curves  are  almost  the  same  and  indepen¬ 
dent  of  annealing  time,  only  the  intensities  depend 
on  annealing  time. 

In  order  to  make  clear  the  origins  of  the  photo¬ 
emission,  we  examined  the  growth  and  annealing  of 
these  two  bands  carefully.  Though  the  results  are 
not  shown,  we  found  that  the  2.0  eV  luminescence 
band  starts  to  decrease  around  300°C  and  disap¬ 
pears  after  annealing  at  600°C  for  30  min,  in  paral¬ 
lel  to  the  intensity  of  the  E'  center  line  of  the  ESR 
spectrum. 

The  results  for  the  evolution  and  annealing  of  the 
1.7  eV  luminescence  band  during  annealing  at 
llOO^C  are  shown  in  Fig.  5.  Evidently  the  lumine¬ 
scence  intensity  grows  and  then  decreases  for  all 
specimens  studied:  the  growth  and  reduction  occur 
faster  in  the  specimens  implanted  at  room  temper¬ 
ature  and  furthermore  in  those  implanted  to  higher 
fluences.  A  peak  shift  of  the  1.7  eV  band  was  not 
observed  during  annealing  at  1100°C. 
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ANNEALING  TIME  (min) 

Fig.  5,  Changes  of  the  photoluminescence  intensity  as  a  func¬ 
tion  of  annealing  time  at  1 100°C.  1  MeV  Si^  was  implanted  into 
silica  glass  with  fluences  of  (circle)  2x10^^  and  (triangle) 
4  X  10*^  ions/cm^  at  room  temperature,  and  with  fluence  of 
(square)  2x  10^^  ions/cm^  at  liquid  nitrogen  temperature. 


A  significant  difference  is  observed  between  the 
property  of  luminescence  centers  exhibiting  the 
2.0  eV  band,  formed  in  as-implanted  specimens  and 
the  1.7  eV  band,  formed  after  annealing  at  llOO'^C. 
The  peak  energy  of  the  luminescence  band  depends 
on  fluences  and  implantation  temperatures  in  the 
former,  but  not  in  the  latter.  Moreover,  the  latter 
does  not  show  any  peak  shift  during  growth  and 
annealing.  Since  the  former  anneals  along  with  the 
E'  centers,  they  are  probably  associated  with  the 
defects.  The  latter,  which  is  formed  above  the  de¬ 
composition  temperature  of  SiO;^,  i^iay  be  ascribed 
to  crystalline  Si  precipitates. 


4.  Discussion 

In  this  paper  we  found  two  luminescence  bands 
around  2,0  and  1.7  eV:  the  2.0  eV  band  is  produced 
in  specimens  in  which  implanted  Si  is  in  the  form  of 
SiO;,  or  amorphous  Si,  while  the  1,7  eV  band  arises 
from  the  specimens  in  which  implanted  Si  forms 
most  probably  as  a  crystalline  Si  phase.  Both  of 
these  luminescence  bands  were  not  observed  in 
silica  glass  and  thermal  oxide  film  implanted  with 
other  ions,  such  as  Ar,  B  and  Al  ions,  and  hence  are 
related  to  implanted  Si  ions. 
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The  2.0  eV  luminescence  band  is  evidently  re¬ 
lated  to  defects  since  it  is  annihilated  along  with  the 
E'  centers.  The  result  indicates  that  the  lumine¬ 
scence  center  is  either  an  oxygen  deficiency  center 
or  oxygen  interstitials  stabilized  by  the  SiO.v  phase 
in  SiOi-  It  appears  that  electron-hole  pairs  are 
produced  in  the  SiO^,.  phase  by  photo  excitation 
and  emission  is  induced  at  the  defect  sites  in  the 
SiOx  phase.  Since  the  value  of  x  in  SiO;,  depends  on 
fluences  and  implantation  temperatures,  the  peak 
energy  of  the  luminescence  band  decreases  as  the  Si 
segregation  becomes  dominant.  Thus  we  consider 
that  Si  excess  defects  formed  near  SiO.^  are  respon¬ 
sible  for  the  luminescence. 

The  periodic  patterns  with  a  constant  interval 
which  appeared  in  the  photoluminescence  spectra 
of  ion  implanted  thermal  oxide  films,  as  shown  in 
Fig.  3,  originate  from  the  interference  of  the  reflec¬ 
ted  light  at  the  surface  and  the  interface.  The  in¬ 
terval  of  the  interference  pattern  due  to  multiple 
reflections  is  interpreted  by  using  the  following 
equation  [23]: 

2nd  =  {l/?.2-l/^^rr\ 

where  n  is  the  refractive  index,  d  is  the  thickness  of 
the  film,  and  and  I2  (^^1  >  ^-2)  are  the  maximum 
peak  wavelengths  appearing  in  the  spectra.  Using 
the  value  of  d  =  1.75  pm  (thickness  of  the  thermal 
oxide  film),  we  obtain  n  —  1.58.  This  value  n  is  little 
larger  than  that  of  Si02  {n  =  1.46).  Since  part  of 
implanted  Si  ions  form  SiO^.  (x  <  2)  [24, 25],  the 
average  value  of  the  refractive  index  in  implanted 
layer  differs  from  that  of  Si02. 

Before  discussing  the  origin  of  the  luminescence 
band  that  appears  around  1.7  eV  after  annealing  at 
1 100°C,  we  emphasize  that  the  Si  phase  is  separated 
from  SiO^  in  this  temperature  range  [26].  The 
appearance  of  a  periodic  pattern  in  the  optical 
absorption  spectra  after  annealing  at  llOO^C  can 
be  ascribed  to  precipitation  of  Si.  The  large  differ¬ 
ence  of  refractive  indices  between  Si02  and  Si  and 
the  preferential  precipitation  of  Si  near  the  end  of 
the  Si^  implantation  range  will  produce  the  inter¬ 
ference  pattern,  the  interval  of  which  depends  on 
implantation  energy  but  not  on  the  annealing  time. 
Using  the  equation  above,  we  obtain  the  value  of 
1.5  pm  for  the  depth  of  the  precipitated  Si  rich  layer 
from  the  surface.  This  depth  agrees  well  with  the 


peak  value  of  the  range  of  1  MeV  Si  in  Si02  ob¬ 
tained  by  TRIM  calculation  [27].  Thus  we  can 
conclude  that  the  Si  precipitates  develop  around 
the  depth  of  1.5  pm  after  annealing  at  llOO'^C.  The 
precipitation  of  Si  by  annealing  at  1 100°C  is  further 
evidenced  by  the  growth  of  the  Raman  line  around 
520  cm"  ^  attributed  to  the  crystalline  Si.  Thus  it  is 
most  likely  that  the  1.7  eV  luminescence  band  is 
formed  as  a  result  of  crystalline  Si  precipitation  and 
hence  of  formation  of  Si  nanoparticles. 

Now,  we  discuss  on  the  presumption  that  the 
1.7  eV  luminescence  band  is  due  to  crystalline  Si 
nanoparticles  formed  by  segregation  of  Si  from 
SiO.^.  As  seen  from  Fig.  5,  the  growth  rate  of  the 
luminescence  is  faster  for  specimens  implanted  with 
higher  fluence,  and  also  for  specimens  implanted  at 
room  temperature  than  those  at  low  temperature,  if 
the  fluence  is  the  same.  The  growth  rate  of  the  size 
of  the  Si  particles  is  expected  to  increase  as  the 
fluence  increases  and  the  temperature  of  implanta¬ 
tion  increases.  Thus  the  dependence  of  the  initial 
growth  rate  on  the  implantation  energy  and  tem¬ 
perature,  as  shown  in  Fig.  5,  is  consistent  with  the 
presumption  that  the  1.7  eV  luminescence  band  is 
due  to  crystalline  Si  nanoparticles.  According  to 
Fig.  5,  prolonged  annealing  reduces  the  intensity  of 
luminescence.  The  reduction  is  faster  for  the  speci¬ 
mens  for  which  the  growth  is  faster.  Therefore  it 
appears  that  the  intensity  of  the  luminescence  de¬ 
pends  on  the  size  of  the  nanoparticles;  strong  emis¬ 
sion  is  observed  when  the  Si  particles  have  an 
appropriate  size.  According  to  Okada  et  al.  [28], 
the  intensity  of  the  Raman  line  increases  abruptly 
as  the  size  of  the  particle  increases;  practically  no 
Raman  line  is  observed  when  the  size  of  the  Si 
particle  in  the  specimen  is  below  8  nm.  Thus  the 
absence  of  the  Si-Si  Raman  line  in  the  specimen  in 
which  the  1.7  eV  luminescence  band  is  observed 
and  its  presence  in  the  densely  implanted  speci¬ 
mens,  in  which  no  1.7  eV  luminescence  is  observed, 
is  in  accordance  with  the  presumption  on  that  there 
is  a  critical  size  at  which  the  luminescence  is  en¬ 
hanced.  Although  the  intensity  of  the  luminescence 
appears  to  be  governed  by  the  size,  the  peak  energy 
does  not.  Therefore  the  1.7  eV  luminescence,  if  it  is 
emitted  by  Si  nanoparticles,  it  is  not  due  to  recom¬ 
bination  of  electron-hole  pairs  confined  quantum 
mechanically. 
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Based  on  the  arguments  above,  we  propose  that 
the  1.7  eV  emission  is  due  to  defect  sites  at  the 
interface  between  crystalline  Si  nanoparticles  and 
Si02.  The  size  dependence  of  the  luminescence 
intensity  can  be  explained  as  follows.  If  the  size  is 
too  small,  the  incident  photons  (2.54  eV)  cannot 
induce  the  band-to-band  transition  whose  energy 
increases  from  the  Si  band-to-band  transition  en¬ 
ergy  due  to  quantum  confinement.  According  to 
the  theoretical  calculation  by  Takagahara  et  al. 
[29],  the  radius  of  the  Si  particle  corresponding  to 
this  energy  is  1.5  nm.  There  are  a  few  possible 
reasons  why  the  emission  yield  decreases  as  the  size 
increases.  Firstly  the  band-to-band  transition  en¬ 
ergy  of  the  confined  system  should  be  larger  than 
the  emission  energy.  The  theoretical  calculation 
indicates  that  the  radius  corresponding  to  this  en¬ 
ergy  is  2  nm.  Secondly  as  the  size  increases  the 
interface-to-volume  ratio  decreases.  Thirdly  the 
probability  of  the  energy  transfer  to  the  interface 
will  decrease,  particularly  if  the  nanocrystals  in¬ 
clude  imperfection.  In  any  case  we  expect  that  the 
nanocrystals  of  a  radius  of  1.5-2  nm  induces  the 
emission  at  the  highest  efficiency,  excited  with  an 
Ar-ion  laser  (2.54  eV).  Though  the  origin  of  the 
low-energy  band  observed  only  in  thermal  oxide 
films  is  not  yet  clear  in  the  present  experiments,  it 
probably  arises  from  the  interference  as  previously 
discussed. 


5.  Conclusions 

We  showed  that  the  implantation  of  Si  ions  into 
silica  glasses  and  thermal  oxide  films  produces 
characteristic  bands  near  2.0  eV.  The  one  that  is 
observed  in  as-implanted  specimens  can  be  at¬ 
tributed  to  the  excess  Si  defects  formed  in  the  SiO^^ 
environment.  The  one  that  is  observed  after  anneal¬ 
ing  at  1 100°C  can  be  attributed  to  the  defects  in  the 
interface  between  the  Si02  and  the  Si  nanocrystals 
formed  by  precipitation  from  SiO^^-  The  present 
experimental  results  indicate  that  the  emission  near 
2.0  eV  arises  from  a  variety  of  defects  in  Si-excess 
Si02  or  by  slight  oxidation  of  Si.  The  present 
experimental  results  suggest  strongly  that  elec¬ 
tron-hole  pairs  produced  in  the  nanocrystals  dis¬ 
sipate  the  energy  more  likely  at  the  surface  of 


nanocrystals  rather  than  emitting  photons  within 
the  nanocrystals.  Luminescence  from  thermal  oxide 
films  may  therefore  be  applicable  to  the  Si-  based 
optical  devices  in  a  similar  way  to  that  from  porous 
Si. 

The  authors  would  like  to  express  their  gratitude 
to  Professor  Noriaki  Itoh,  Nagoya  University,  for 
valuable  discussions. 
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Abstract 

A  K-band  electron  spin  resonance  study  of  the  appearance  of  the  natural  intrinsic  EX  center  in  dry  and  wet  thermal 
(00  1)  and  (1  1  l)Si/Si02  is  presented.  In  order  to  isolate  the  key  parameter(s)  responsible  for  EX  generation,  the  oxidation 
growth  conditions,  together  with  substrate  characteristics,  are  systematically  varied  over  broad  ranges,  revealing  that  the 
grown  oxide  thickness  is  the  sole  physical  quantity  determining  the  areal  defect  density.  Si02  etchback  experiments  in 
combination  with  accurate  stylus  profilometry  are  used  to  determine  the  spatial  location  and  volume  concentration  of 
the  EX  defects.  The  center’s  thermochemical  properties  are  investigated  through  alternated  isochronal  anneals  in  vacuum 
and  H2  ambient.  The  EX  generation  is  interpreted  in  terms  of  O  enrichment  in  combination  with  the  aspect  of  gradual 
structural  relaxation  of  the  Si02  layer. 


1.  Introduction 

Since  impurity  contamination  has  ceased  to  be 
a  major  concern  with  present  preparation  tech¬ 
niques  for  thin  (  ^  100  A)  thermal  Si02,  attention  is 
mainly  focused  on  intrinsic  (not  impurity-related) 
imperfections  such  as  the  natural  Pb  interface  defect 
[1]  in  as-grown  Si/Si02  and  various  radiation-in¬ 
duced  defects  in  a-Si02  [2]. 

Stesmans  [3]  has  recently  reported  the  ESR  ob¬ 
servation  of  a  ‘new’  intrinsic  defect  in  as-grown 
thermal  Si02  on  (1  1  l)Si.  This  so-called  EX  center 
displays  a  remarkably  isotropic  three-peak  ESR 
spectrum  comprising  a  Yoigt-like  central  line  at 


*  Corresponding  author.  Tel:  -1-32-16  327  179.  Telefax: 
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g  =  2.00246  +  0.00003  of  A5pp  1  G,  amid  a  ^^Si 
hyperfine  doublet  of  16.1  G  splitting. 

In  order  to  elucidate  the  mechanism(s)  of  EX 
generation  during  thermal  oxidation  of  Si,  it  is 
necessary  to  find  out  where  and  under  what  cir¬ 
cumstances  the  center  is  produced  in  the  Si/Si02 
structure.  This  is  achieved  through  systematically 
varying  the  Si02  growth  conditions  such  as  oxida¬ 
tion  temperature  (Tox),  time  (fox),  and  oxygen  pres¬ 
sure  (poj,  and  the  water  content  of  the  oxidizing 
ambient,  in  combination  with  ESR  diagnosis. 


2.  Experimental  procedures 

Thin  Si  slices  measuring  2x9  mm^  for  ESR  anal¬ 
ysis  were  oxidized  and  exhaustively  dehydrogenated 
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(vacuum  annealed)  in  a  conventional  furnace  [4] 
after  a  prethermal  substrate  cleaning.  The  Si02 
thickness  was  measured  using  stylus  profilometry 
on  patterned  oxides  [5].  ESR  experiments  were 
carried  out  in  adiabatic  slow  passage  mode  at  4.3  K 
in  a  K-band  (  --  20.2  GHz)  spectrometer  [6].  Areal 
spin  densities  were  determined  relative  to  a  c- 
Si:  P  marker  sample  ([P]  =  1.7  x  10^®  cm" ^). 


3.  Experimental  results 

A  first  set  of  systematic  variations  included  the 
substrate  room  temperature  resistivity 
(  --  10“1000Qcm),  the  surface  orientation  [(1  1  1) 
or  (00  1)],  and  the  precleaning  method  (RCA  pro¬ 
cedure  and  an  HF-based  treatment  [4]),  neither  of 
which  leads  to  an  essentially  different  EX  genera¬ 
tion  behavior,  although  HF-precleaned  surfaces 
(the  focus  of  this  work)  are  more  prone  to  defect 
production  during  thermal  oxidation. 

An  important  observation  was  that,  when  ac¬ 
counting  for  the  difference  in  oxidation  rate  be¬ 
tween  (001)  and  (111)  surfaces,  almost  identical 
EX  densities  are  introduced  for  both  surface  ori¬ 
entations.  On  samples  postoxidation  vacuum  an¬ 
nealed  at  790°C  for  ^  1  h,  a  maximum  of 
(1.2  ±  0.1)  X  10^^  cm"^  is  observed  in  the  ver¬ 
sus  profile  for  =  SOO'^C  [3].  This  suggested 
the  importance  of  the  oxide  thickness  prompt¬ 
ing  us  to  combine  ESR  diagnosis  and  stylus  pro¬ 
filometry  on  various  sets  of  samples  grown  under 
broadly  varying  conditions,  i.e.,  =  700-930°C, 

tox  ~  15  min-24  h,  po^  ~  0.4- 1.1  atm,  while  both 
wet  (2.4%  H2O)  and  dry  O2  ambients  were  used. 
The  results  are  summarized  in  the  versus 
plot  in  Fig.  1:  all  the  data  points  assemble 
around  a  single  growth  curve,  whatever  the  sub¬ 
strate  characteristics  or  oxidation  temperature. 
This  striking  observation  strongly  suggests  that 
is  solely  set  by  the  oxide  thickness.  It  needs  to 
be  remarked  that  low  po^  and  wet  growth  affect 
somewhat  the  maximum  value  (within  a  factor 
of  2),  without  however  altering  the  generally  ob¬ 
served  defect  generation  behavior:  from 
do^  ^  100  A  onwards  the  EX  centers  become  de¬ 
tectable,  rising  steeply  with  growing  and 
peaking  at  ^  1.2  x  10^^  cm“^  for  d^,^  ^  \25  A, 


o  0.8 


0.6 


(001)  &  (111)Si/SiOj 

i- 

'-4^'  \ 


1  1  atm  O,. 
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Fig.  1.  Areal  spin  density  profile  of  the  EX  center,  measured  at 
4.3  K,  as  a  function  of  measured  %  for  both  (00  1)  and 
(1  1  l)Si/Si02  structures  grown  at  various  in  the  range 
760- 930" C  in  1.1  atm  O2,  after  subsequent  dehydrogenation  at 
790  C.  The  dashed  line  is  a  guide  to  the  eye. 


whereupon  a  slower  decline  towards  zero  is  ob¬ 
served  for  larger  d^^.  (For  ~  215  A, 
5  X  10^^  cm"^;  for  d^^  600  A  the  center 

can  only  be  observed  in  oxidized  Si  powders,  where 
the  oxide-to-Si-substrate  ratio  is  much  enhanced.) 

Next,  the  location  of  the  EX  defects  in  the 
Si/Si02  structure  is  addressed.  It  was  previously 
[3]  argued  that  the  Si  bulk  and  the  Si/Si02  inter¬ 
face  are  excluded  as  possible  EX  locations,  leaving 
only  the  a-Si02  layer  as  the  possibility.  Controlled 
Si02  etchback  experiments  were  initiated  on  three 
(111)  Si/Si02  samples  grown  in  1.1  atm  dry  O2  at 
SOO'^C  for  103,  221,  and  255  min,  respectively,  and 
dehydrogenated  at  790'"C.  The  initial  EX  densities 
amounted  to  (0.64  ±  0.06)  x  10^^  cm" (0.43  + 
0.05)x  10^^cm"^  and  (0.05  ±  0.01)  x  10^^  cm" ^ 
respectively.  Sequential  Si02  etchback  alternated 
with  diagnostic  ESR  observations  resulted  in  the 
EX  volume  density  profiles  shown  in  Fig.  2. 

A  first  noticeable  feature  concerns  the  large 
(  >  10^®  cm"^)  local  defect  concentrations.  Second, 
it  is  observed  that,  even  for  wet  oxides,  the  largest 
local  spin  densities  occur  near  the  free  Si02  surface, 
while  the  volume  concentration  drops  steadily  in 
the  oxide  to  become  undetectable  beyond  about 
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Fig.  2.  Variation  of  the  local  volume  density  of  the  EX  centers 
with  depth  in  the  Si02  layer  for  three  (1  1  l)Si/Si02  structures 
grown  at  800^C  in  1 10  kPa  dry  O2,  obtained  by  crude  derivation 
of  the  4.3  K  ESR  areal  density  etchback  profiles.  The  solid  lines 
are  fits  to  the  data  of  hemi-Gaussian  curves  centered  at  the 
air/Si02  interface. 


40  A  deep  -  closely  identical  for  all  three  samples. 
The  solid  lines  in  Fig.  2  represent  fits  to  the  data  of 
Gaussian  functions  centered  at  the  air/Si02  inter¬ 
face,  whose  associated  standard  deviations  a  pro¬ 
vide  a  measure  for  the  EX  distribution  width.  The 
cr’s  are  found  to  be  nearly  identical:  cr  16,  14,  and 


12  A  in  Figs.  2(a)-(c),  respectively,  indicating  that 
EX  remains  a  top  40  A  phenomenon. 

Finally,  the  thermochemical  properties  of  the  EX 
defect  are  considered.  Starting  from  the  observa¬ 
tion  that  a  postoxidation  degassing  treatment  in 
vacuum  (pressure  p  <  3  x  10“^  Pa)  at  790°C  en¬ 
hances  significantly,  isochronal  annealing  ex¬ 

periments  were  carried  out  on  a  --  115A  thick 
Si-oxide  grown  at  800°C  (containing 
^  0.23  X  10^^  EX/cm^  after  full  dehydrogenation 
at  790°C)  to  study  the  influence  of  the  degassing 
temperature  T^h-  After  a  hydrogen  treatment  in 
1.1  atm  99.9999%  pure  FL2  for  20  min  at  360°C, 
which  completely  obliterated  the  EX  ESR  signal, 
a  series  of  vacuum  anneals  was  applied  at  various 
Tdh  for  a  fixed  time  tdh  ^  1  h  (i.e.,  isochronal) 
where,  after  each  anneal,  was  measured  and 
reset  to  zero  by  an  H2  anneal  as  specified  above. 
The  normalized  EX  depassivation  data  (filled 
circles)  in  Fig.  3  show  that  H  release  from  inac¬ 
tivated  EX  entities  (depicted  as  HEX)  in  detect¬ 
able  amounts  starts  at  Tdh>400°C,  but  full 


Fig.  3.  Normalized  areal  EX  concentration  {filled  circles), 
measured  at  4.3  K  in  (I  1  l)Si/Si02  grown  at  800°C  for  105  min, 
versus  dehydrogenation  temperature.  Following  the  initial  full 
passivation  of  the  EX  defects  in  100  kPa  H2  at  360°C 
(  ~  20  min),  each  point  represents  after  annealing  in  vac¬ 
uum  at  the  corresponding  temperature  for  1  h.  The  vertical 
error  bars  represent  a  standard  10%  error  in  N^.  The  dashed 
line  is  a  fit  as  explained  in  the  text,  while  the  full  curve  represents 
the  theoretical  Pb  behavior. 
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dehydrogenation  is  only  attained  at  rdh^500"C. 
The  EX  depassivation  data  may  be  compared  to 
the  Pb  behavior,  depicted  by  the  full  curve  in  Fig.  3, 
which  represents  the  theoretical  Pb  depassivation, 
assuming  linear  kinetics  [7]: 

Na/NI*  =  1  -  exp [  -  kaot  exp(  -  EJkTiJ] .  ( 1 ) 

Na‘  is  the  maximum  areal  Pb  density, 
=  ^do  ~  is  the  linear  rate  constant 

for  depassivation;  k,  and  t  represent  the  activa¬ 
tion  energy,  Boltzmann’s  constant,  and  anneal 
time,  respectively.  Brower  [7]  found  an  activation 
energy  =  2.56  ±  0.06  eV  for  the  Pb-degassing 
process.  A  similar  analysis  for  the  EX  center,  depic¬ 
ted  in  Fig.  3  by  the  dashed  line,  leads  to  an  activa¬ 
tion  energy  for  EX  depassivation  of  ^  0.25  eV 
lower.  While  a  full  H2  interaction  kinetics  scheme 
for  EX,  like  the  one  unveiled  for  Pb  [8],  has  still  to 
be  established,  comparison  of  the  Pb  and  EX  be¬ 
havior,  however,  indicates  that  the  EX  ther¬ 
mochemical  properties  are  also  dominated  by  the 
interaction  with  hydrogen.  As  an  important  corol¬ 
lary,  these  results  additionally  show  that  EX,  like 
Pb  and  unlike  postoxidation  damage-induced  de¬ 
fects,  is  an  (inherently)  network-stabilized  natural 
defect. 


4.  Discussion 

EX  incorporation  appears  to  be  inextricably 
connected  with  the  thermal  Si02  formation  pro¬ 
cess.  The  following  key  observations  are  important 
as  to  unveil  the  origin  of  the  EX  center:  (1)  The 
defects  are  invariably  located  in  the  top  40  A  of  the 
oxide.  (2)  Their  density  is  solely  set  by  the  grown 
oxide  thickness.  (3)  gradually  disappears  when 
the  oxide  grows  thicker.  (4)  The  EX  defect  is  ther¬ 
mally  stable  up  to  at  least  930°C,  unlike  radiation- 
induced  defects  [2].  It  may  further  be  useful  to 
remark  that  the  EX  defect  is  generated  in  a  region 
which  may  be  expected  to  be  supersaturated  with 
oxygen,  nearby  the  Si02/02  ambient  border.  As 
EX  is  an  intrinsic  defect,  it  may  thus  concern  an 
excess-oxygen  center  rather  than  a  Si-based  defect, 
in  agreement  with  ^^Si  hf  data  [6]. 


A  conceivable  explanation  for  the  gradual  disap¬ 
pearance  of  EX  with  growing  is  that  thin  ther¬ 
mal  oxides  <  200  A)  may  not  yet  have  reached 
the  superb  structural  quality  of  their  thicker 
counterparts.  It  suggests  that  the  thermal  oxide, 
when  thickening,  undergoes  some  kind  of 
rearra  <  ngement  -  possibly  what  has  been  termed 
a  pseudo-polymorphic  transformation  [9]  ~  into 
what  may  be  called  a  high-quality  oxide.  Also,  with 
the  oxide  growing  thicker,  the  structural  trans¬ 
formation  extends  ever  upwards  towards  the  free 
oxide  surface,  eventually,  above  a  substantial  thick¬ 
ness  (  >  600  A),  the  upper  oxide  part  having  been 
included.  Finally,  if  we  admit  that  the  high-quality, 
structurally  relaxed  a-Si02  is  more  inert  to  con¬ 
tinuous  surface  modification  in  ambient  O2,  we 
may  understand  the  observed  EX  incorporation.  It 
is  thus  needed  to  incorporate  an  aspect  of  struc¬ 
tural  adaptation  of  the  oxide  layer  effectuating  in 
different  degrees  with  growing  oxide  thickness.  The 
interpretation  that  the  upper  part  of  the  thermal 
oxide  can  only  fully  transform  into  standard  a-Si02 
beyond  a  certain  oxide  thickness,  is  not  unreason¬ 
able,  as  the  Si/Si02  mismatch-induced  compressive 
stress  in  the  Si02  layer  may  only  gradually  fade 
away  as  the  oxide  thickens. 

5.  Conclusions 

The  natural  intrinsic  EX  center  in  thermal 
Si/Si02  has  been  observed  by  ESR  within  the 
Tox  window  from  700  up  to  930°C,  enclosing  the 
Tox  range  favored  in  current  Si  processing  techno¬ 
logy.  It  appears  that  the  sole  physical  parameter 
setting  the  defect  density  -  at  least  what  concerns 
those  in  the  ESR-active  state  -  is  the  grown  oxide 
thickness,  whatever  a  universal  versus 
Jox  curve  with  a  maximum  of  ^  1.2  x  lO^^cm”^ 
for  do^  %  125  A  was  observed.  Si02  etchback  ex¬ 
periments  show  that  the  EX  defects  invariably  re¬ 
side  in  the  top  --  40  A  of  the  oxide  layer,  indepen¬ 
dent  of  their  areal  density,  and  with  the  largest  local 
volume  densities  occurring  near  the  free  Si02  inter¬ 
face.  These  generation  specifics  unveil  EX  as  an 
intrinsic  threat  to  Si/Si02-based  devices. 

The  defect’s  thermochemical  properties  are 
dominated  by  the  interaction  with  hydrogen. 
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Passivation  in  molecular  hydrogen  starts  at 
--  225°C,  while,  when  fully  passivated,  dehyd¬ 
rogenation  in  vacuum  only  sets  in  at  --  400°C,  full 
degassing  being  achieved  after  ~  1  h  above 
^  500°C.  Analysis  of  the  passivation  data  in  terms 
of  linear  kinetics  results  in  an  activation  energy  of 
(2.37  ±  0.02)  eV,  about  1/4  eV  lower  than  for  the  Pb 
center. 

Likely  it  concerns  an  O-rich  defect,  thermally 
stable  up  to  high  temperatures  (900°C),  the  genera¬ 
tion  kinetics  of  which  are  governed  by  the 
O  abundance  at  the  Si02/02  border,  in  interplay 
with  structural  relaxation  effects  of  the  oxide,  effec¬ 
tive  at  different  levels  depending  on  the  grown 
oxide  thickness. 
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Abstract 

A  wavelength  resolved  thermally  stimulated  luminescence  (TSL)  study  has  been  carried  out  for  the  first  time  on 
X-irradiated  chemical  vapor  deposition  Si02  films  deposited  on  a  silicon  substrate,  from  room  temperature,  to  400'’C. 
Upon  irradiation,  the  TSL  glow  curve  features  a  prominent  structure  at  a  maximum  temperature,  7^^^,  of  approximately 
62°C  (heating  rate  ~  l''C/s);  the  analysis  of  the  emission  wavelength  shows  a  peak  at  457  nm  (2.71  eV).  The  shape  of  the 
TSL  peak  is  complex,  and  cannot  be  described  in  the  frame  of  classical  first-  or  second-order  kinetics.  Moreover,  7„,^^  has 
a  strong  and  monotonic  shift  to  higher  temperatures  after  partial  pre-heating  treatments  while  the  spectral  emission  is 
not  modified:  a  similar  phenomenon  has  already  been  observed  in  bulk  fused  silica  of  various  types,  different  from 
crystalline  quartz  which  does  not  present  any  shift  of  7„^.^  as  a  function  of  pre-heating.  These  results  suggest  that  the  TSL 
peak  is  characterized  by  a  distribution  of  trap  parameters:  specifically,  a  continuous  distribution  of  trap  energy  or  of  the 
frequency  factor  can  be  taken  into  account.  Considerations  on  the  characteristics  of  the  trap  parameter  distribution  are 
made. 


1.  Introduction 

Although  thermally  stimulated  luminescence 
(TSL)  above  room  temperature  has  been  widely 
used  in  the  study  of  defects  in  quartz  and  silica,  very 
few  papers  have  dealt  with  TSL  in  the  other 
amorphous  form,  i.e.  thin  films  that  are  extensively 
used  in  the  electronic  industry  [1-3]. 

The  principal  drawbacks  in  studying  the  TSL  of 
thin  films  have  been  the  small  amount  of  sample 
and  the  limited  information  gained  due  to  the  lack 
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of  knowledge  of  the  emitting  wavelength.  Both 
these  disadvantages  are  overcome  by  the  measure¬ 
ment  of  TSL  using  newly  designed  high  sensitivity 
spectrometers  that  give  three-dimensional  informa¬ 
tion,  i.e.  the  intensity  of  TSL  as  a  function  of  both 
temperature  and  emission  wavelength  [4]. 

By  means  of  such  a  spectrometer  we  have  ana¬ 
lyzed  the  TSL  of  CVD  Si02  films;  the  results  ob¬ 
tained  on  the  wavelength  distribution  of  the  TSL 
emission  are  discussed  in  comparison  with  the  spec¬ 
tral  emission  of  bulk  Si02. 

Moreover,  a  thorough  analysis  of  the  principal 
'62°C’  glow  peak,  using  partial  heating  and  the 
initial  rise’  method,  leads  us  to  consider  the  pres¬ 
ence  of  a  distribution  of  trap  parameters. 
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2.  Experimental  results 

This  TSL  study  has  been  undertaken  on  3  \im 
thick  films  of  amorphous  Si02  purchased  from 
MEMC  SpA,  Novara  (Italy)  :  they  were  obtained 
by  chemical  vapor  deposition  (CVD)  at  900°C  on 
silicon  wafers  and  cut  for  the  measurements  into 
a  square  shape  of  1  cm^  area. 

TSL  measurements  were  performed  from  room 
temperature  to  400°C  with  a  linear  heating  rate  of 
rC/s  by  means  of  two  different  apparatuses:  in  the 
first  the  total  emitted  light  was  detected  as  a  func¬ 
tion  of  temperature  by  the  technique  of  photon 
counting  using  an  EMI  9635  QB  photomultiplier 
tube  with  quantum  efficiency  peaking  at  380  nm. 
The  second  consisted  of  a  high  sensitivity  spec¬ 
trometer  measuring  the  TSL  intensity  as  a  function 
of  both  temperature  and  emission  wavelength:  the 
detector  is  a  double  stage  MicroChannel  plate  fol¬ 
lowed  by  a  512  diode  array;  the  dispersive  element 
is  a  140  lines/mm  holographic  grating,  the  detec¬ 
tion  range  being  200-800  nm. 

Irradiations  have  been  done  at  room  temper¬ 
ature  using  a  Machlett  OEG  50  X-ray  tube  operat¬ 
ing  at  40  kV. 

Fig.  1  (curve  a)  shows  the  TSL  glow  curve  of 
a  CVD  sample  irradiated  with  an  X-ray  dose  of 
approximately  10^  Gy:  a  strong  peak  at  62°C  is 
evident.  The  shape  of  this  peak  appears  to  be  com¬ 
plex,  In  fact,  the  TSL  emission  is  asymmetrically 
extended  to  high  temperatures  contrary  to  the  ex¬ 
pectations  both  for  the  cases  of  first-  and  second- 
order  kinetics  [5].  Moreover,  the  peak  maximum 
temperature,  is  shifted  to  higher  temperature  as 
a  function  of  partial  cleaning  treatments:  this  is 
indicated  by  curves  b  and  c  of  the  same  figure, 
which  show  measurements  obtained  after  irradia¬ 
tion  and  partial  heating,  to  51°  C  and  94°  C,  respec¬ 
tively  (Estop),  before  the  recording  of  the  glow  curve. 
The  Tm  shift  is  approximately  linear  as  a  function 
of  pre-heating  temperature,  as  evidenced  by  the 
inset  of  the  figure. 

This  phenomenon  suggests  that  the  trap  respon¬ 
sible  for  this  TSL  peak  is  characterized  by  a  distri¬ 
bution  of  trap  parameters,  i.e.  of  the  thermal  en¬ 
ergy,  E,  or  possibly  of  the  frequency  factor,  v  [6].  In 
order  to  evaluate  whether  indeed  a  distribution  of 
trap  depths  is  present,  a  simple  and  preliminary 


Fig.  1.  TSL  glow  curves  of  a  3  fam  CVD  Si02  sample  after  an 
X-ray  dose  of  10^  Gy.  The  heating  rate  was  FC/s.  Curve  a,  as 
irradiated;  curves  b  and  c,  after  a  pre-heating  treatment  of  5F  C 
and  94°  C,  respectively.  The  inset  shows  the  shift  of  the  peak 
maximum  temperature  as  a  function  of  pre-heating  treatments. 


analysis  of  the  peak  shape  has  been  performed, 
based  on  the  initial  rise  method.  In  Fig.  2  we  show 
an  enlargement  of  the  20-100°C  range  of  the  TSL 
glow  curves  obtained  after  different  Estop  temper¬ 
atures.  Here,  a  semilog  plot  has  been  chosen  to 
evidence  the  fact  that  the  portions  of  the  curves 
reported  here  follow  an  exponential  behavior, 
which  allows  us  to  determine  the  trap  energy  using 
the  initial  rise  method.  The  results  of  the  exponen¬ 
tial  fitting  are  shown  in  Fig.  3,  where  the  trap 
depths  obtained  are  presented  as  a  function  of  Estop. 
The  spread  of  the  data  has  to  be  ascribed  to  differ¬ 
ent  sources  of  errors  such  as  the  measurement  of 
the  sample  temperature  and  background  subtrac¬ 
tion.  However,  the  values  appear  to  be  independent 
of  Estop,  a  mean  energy  has  been  calculated: 

=  0.81  eV  ±  0.06  eV) .  It  is  to  be  noted  that  for 
Estop  =  84°C,  an  appreciable  lowering  of  the  energy 
is  in  fact  observed  {E  =  0.68  eV);  at  the  present  time 
no  specific  conclusions  can  be  drawn  about  this. 
The  significance  and  the  limits  of  validity  of  this 
method  will  be  discussed  in  the  next  section. 

The  results  of  wavelength  resolved  TSL  measure¬ 
ments  are  presented  in  Fig.  4  with  a  three-dimen¬ 
sional  plot  and  in  Fig.  5  as  a  contour  plot.  The 
‘62°C’  peak  is  characterized  by  a  single  emission 
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Fig.  2.  TSL  intensity  versus  1/T  of  various  glow  curves  of  CVD 
Si02  measured  after  partial  heating  treatments.  The  different 
Tstop  temperatures  are  (a)  20 ’C;  (b)  32" C;  (c)  5I'~’C;  (d)  61'C;  (e) 
76^C;  (f)  84"C:  (g)  94''C.  The  temperature  scale  is  enlarged  in 
order  to  show  only  the  portions  of  the  glow  peak  that  manifest 
an  exponential  behavior.  The  X-irradiation  was  10^  Gy;  heating 
rate  =  IX/s. 


Tstop  (®C) 


Fig.  3.  Thermal  energy  of  the  ‘62^C’  TSL  peak  of  CVD  Si02 
film  as  a  function  of  partial  pre-heating  treatment.  The  values 
are  calculated  with  the  initial  rise  method. 


centered  at  2.71  eV  (457  nm),  with  a  halfwidth  of 
0.45  eV.  Measurements  performed  as  a  function  of 
pre-heating  at  50°C  and  100°C,  respectively,  are 
presented  in  Fig.  5  (curves  b  and  c) :  they  show  that 
the  emission  energy  is  not  influenced  by  this  treat¬ 
ment. 


Fig.  4.  Three-dimensional  plot  of  a  wavelength  resolved  TSL 
measurement  performed  on  a  CVD  Si02  sample  irradiated  with 
an  X-ray  dose  of  10^  Gy;  Heating  rate  =  rC/s. 


3.  Discussion 

This  study  has  demonstrated  that  the  TSL  fea¬ 
tures  of  CVD  films  present  characteristic  properties 
that  can  be  ascribed  to  the  amorphous  nature  of  the 
material.  As  already  suggested  [6],  some  similari¬ 
ties  with  the  glow  peak  of  crystalline  quartz  are 
found,  but  the  detrapping-recombination  phe¬ 
nomena  appear  to  be  specific  of  the  amorphous 
form. 

In  the  following,  two  main  aspects  will  be  dis¬ 
cussed:  one  concerns  the  emission  spectrum;  the 
second  relates  to  the  observed  detrapping  phe¬ 
nomena. 

Only  one  emission  energy  at  2.71  eV  has  been 
detected  for  the  broad  TSL  glow  peak  under  study. 
Interestingly  a  similar  emission,  denoted  as  the 
y  band,  has  already  been  found  in  photolumine¬ 
scence  and  phosphorescence  studies  of  amorphous 
bulk  Si02  and  neutron  irradiated  crystalline  quartz 
[7-9]. 

The  defect  responsible  for  the  emission  appears 
to  be  of  intrinsic  origin.  Specifically,  two  models 
have  been  proposed  up  to  now,  both  related  to 
oxygen  deficiency:  the  neutral  oxygen  vacancy, 
a  bond  between  two  silicon  atoms  [7],  and  the 
twofold  coordinated  silicon  [10].  In  this  context, 
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Fig.  5.  Contour  plots  of  wavelength  resolved  TSL  measurements  performed  on  a  CVD  Si02  sample  irradiated  with  an  AT-ray  dose  of 
10^  Gy;  curve  a,  as  irradiated;  curve  b,  after  a  partial  heating  at  50°C;  curve  c,  after  a  partial  heating  at  lOOX.  Heating  rate  =  TC/s. 


this  conclusion  is  in  agreement  with  the  fact  that  up 
to  now  different  experimental  evidence  has  been 
obtained  that  oxygen  deficient  defects  are  com¬ 
monly  present  in  the  structure  of  thin  Si02  films 
[11]. 

Let  us  consider  now  the  complex  detrapping 
phenomena  observed.  As  illustrated  in  Fig.  1,  the 
TSL  peak  detected  at  62''C  has  a  broad  and  asym¬ 
metric  shape  and  manifests  a  strong  shift  of  the 
maximum  temperature  upon  pre-heating  treat¬ 
ments.  From  the  analysis  of  the  thermoluminescent 
processes,  a  simple  relation  can  be  derived  between 
the  maximum  temperature  of  a  peak  and  the  trap 
parameters: 

pE/kn  =  s  exp(  -  E/kTJ,  (1) 

where  jS  is  the  heating  rate,  k  is  the  Boltzmann’s 
constant,  E  is  the  trap  depth  and  s  is  the  frequency 
factor;  s  can  be  expressed  as  vx  exp(S//c) ,  where  v  is 
the  thermal  vibration  frequency,  x  is  the  transmis¬ 
sion  coefficient  of  the  trap  and  exp{S/k)  is  an  entropy 
factor.  The  variation  of  upon  heating  treatments 
suggests  that  the  TSL  peak  observed  is  characterized 
by  a  distribution  of  lifetimes  li  defined  as 

(2) 


Such  a  lifetime  distribution  can  in  principle  reflect 
the  existence  of  both  a  distribution  of  energy  trap 
depths  or  of  frequency  factors.  Actually,  in  a  study 
of  the  TSL  properties  of  Ge-silica  optical  fibers 
doped  with  Nd  the  existence  of  a  continuous  distri¬ 
bution  of  trap  depths  has  already  been  suggested 
[12]. 

We  have  made  an  effort  in  order  to  evaluate  the 
existence  of  a  continuous  distribution  of  trap 
depths  by  using  the  initial  rise  method  on  measure¬ 
ments  performed  with  different  pre-heating  temper¬ 
atures;  the  results  obtained  do  not  show  any  evi¬ 
dent  increase  of  £  as  a  function  of  the  T^top  temper¬ 
ature.  The  spread  of  the  data  does  not  allow  us  to 
exclude  the  existence  of  a  narrow  distribution,  but 
in  this  case  its  width  should  probably  be  lower  than 
0.1  eV. 

Alternatively,  a  distribution  of  frequency  factors 
can  be  proposed.  In  this  respect,  the  operating 
mechanism  could  be  tunnel  recombination  of  elec¬ 
trons  from  traps  to  emitting  centers  specifically 
giving  rise  to  a  distribution  of  transmission  coeffi¬ 
cients  X  trap,  as  already  suggested  in  the 

case  of  the  TSL  of  different  materials  [13,14], 
Further  experimental  work,  and  a  more  thorough 
numerical  analysis  of  the  TSL  glow  curve,  is  needed 


T,  =  (1/sd  exp(£i/kr). 
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in  order  to  verify  whether  this  particular  recombi¬ 
nation  process  is  in  fact  responsible  for  the  ob¬ 
served  phenomenology. 
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Abstract 

In  this  paper,  an  ellipsometric  method  well  suited  for  optical  property  measurements  of  a  single  layer,  or  even, 
a  multi-layers  surface  film  over  layed  on  a  substrate  is  described.  This  method  allows  a  high  precision  on  the  ellipsometric 
angles  ^  and  A,  especially  when  the  angle  of  incidence,  (pj,  is  fixed  near  the  principal  angle  of  incidence,  tpp.  This 
ellipsometer  is  very  easy  to  build  and  implement.  It  only  requires  classical  polarimetric  and  electronic  components. 
Moreover,  it  is  achromatic  and  easy  to  automate.  Measurement  of  a  very  thin  Si02  layer  on  Si  is  presented. 


1.  Introduction 

Nowadays,  computing  algorithms  allow  the  de¬ 
termination  of  the  thicknesses  and  the  optical  con¬ 
stants  of  thin  films  on  a  thick  substrate  using  the 
ellipsometric  angles  W  and  A  measured  for  several 
incidence  angles  (pi.  These  iterative  methods  only 
lead  to  an  accurate  convergence  (of  the  computer 
search  process)  if 

(1)  the  measurements  of  W  and  A  are  very  precise 
(the  thiner  the  deposited  film,  the  higher  the  accu¬ 
racy  must  be); 

(2)  the  angle  of  incidence  and  the  light  wavelength 
are  choosen  in  such  a  way  the  measurements  of  the 
ellipsometric  angles  are  highly  dependent  on  the 
presence  of  the  very  thin  deposited  films  (e.g.  20  A). 

There  are  of  course  various  sources  of  errors  in 
ellipsometric  measurements:  mechanical  and  op¬ 
tical  components  are  often  not  perfect.  Among 
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them,  the  retardation  plates  or  optical  compen¬ 
sators  (Babinet-soleil,  Bravais)  are  rarely  accurately 
calibrated  [1].  Furthermore,  their  properties  are 
altered  by  the  multiple  reflections  phenomena  in¬ 
side  the  transparent  anisotropic  plate,  especially  if 
the  light  is  more  coherent. 

All  ellipsometric  methods  need  very  precise  ad¬ 
justments  of  the  azimuth  angle  of  the  polarizer, 
analyzer,  retarders  and  eventually  phase  modula¬ 
tors,  respectively,  with  respect  to  the  plane  of  inci¬ 
dence.  If  not,  severe  systematic  errors  appear  in  the 
ellipsometric  measurements.  We  have  perfected 
several  methods  [2,3]  allowing  reliable  and 
methodical  (systematic)  alignments.  They  involve 
a  polarization  modulation  in  conjunction  with 
a  synchronous  electronic  detection. 

The  presence  of  a  very  thin  film  deposited  on 
a  substrate  only  modify  the  values  of  the  ellip¬ 
sometric  angles  A)  associated  to  the  substrate, 
in  the  vicinity  of  its  principal  incidence  cp^. 

We  have  conceived  a  novel  ellipsometric  method 
especially  suited  to  achieve  measurements  (both 
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M  ;  Faraday  modulator :  h(t)  =  Hm  cos  w  t  a(t)  =  ttM  cos  (o  t ;  f :  a  few  hundred  Hz. 

L  ;  Laser  or  lamp  with  monochromator  and  collimator.  P:  Gian  Thomson  polarizer ;  azimuth  :  0. 

SM,  SMD  :  Stepping  motor,  stepping  motor  driver.  S  :  Reflecting  surface ;  <^i :  angle  of  incidence  . 

R  ;  Rochon  prism,  azunuths  :  (3  and  P  +  tc/2.  Di.  D2  :  Detectors ;  icj^,  itJ2  •  detected  currents. 

Fi ,  F2  :  Low  pass  filters  (few  Hz).  OSC  :  Low  frequency  power  oscillator. 

D  ;  Digital  display.  E.M. :  Electronic  module. 

Fig.  1.  The  experimental  set-up. 


thicknesses  and  optical  constants)  of  very  thin  films 
on  a  semiconductor  or  metallic  substrate.  It  makes 
use  of  a  Faraday  modulation  of  the  light  reflected 
by  the  surface.  For  such  a  case,  the  measured  values 
of  the  ellipsometric  angles  ^  and  A  are  independant 
of  the  amplitude  of  the  Faraday  modulation. 

It  will  be  shown  that  our  ellipsometric  set-up 
performs  maximum  sensitivity  and  precision  when 
it  works  near  the  principal  angle  of  incidence  when 
the  reflected  light  vibration  is  an  elliptical,  near 
circular,  one. 


2.  Experimental  set-up 

The  experimental  set-up  is  represented  in  Fig.  1. 


3.  Calculations 

The  plane  wave  of  a  monochromatic  light  wave 
is  emitted  by  the  source  L  (Fig.  1).  Its  polarization 


direction  makes  an  angle  0  with  the  plane  of  inci¬ 
dence.  The  wave,  reflected  by  the  surface  S,  is  gener¬ 
ally  elliptic  and  is  characterized  by  its  ellipsometric 
angles  ^  and  A  according  to  the  relation 
=  tan  ^  (/  p  and  r,  are  the  reflection  coeffi¬ 

cients,  parallel  and  perpendicular  to  the  plane  of 
incidence,  respectively). 

OX'  and  OY'  are  the  axes  of  the  reflected  ellipti¬ 
cal  wave  (their  half  axes  are  a  and  h).  y  —  OX,  OX' 
is  the  ellipse  inclination  with  respect  to  the  plane  of 
incidence.  We  can  easily  demonstrate: 


tan  2y  ~ 


2  tan  tan  0  cos  A 
tan“  ^  —  tan^  0 


(1) 


The  reflected  wave  passes  through  the  Faraday 
modulator  M  and  is  being  rotated  according  to 
a(f)  =  aM  cos  cor.  Then  the  modulated  light  wave 
passes  through  a  two  way  analyzer  (  Rochon  prism) 
whose  azimuths  W  i  and  W2  make  the  angles  ^  and 
/i  +  71/2  with  the  plane  of  incidence,  respectively. 
Consequently,  the  directions  Wi  and  W2  make  an 
angle  (p  —  y)  with  OX'  and  OY'  axes,  respectively. 


J.  Monin  et  al.  j  Journal  of  Non-Crystalline  Solids  187  (1995)  129-133 


131 


After  some  calculus,  using  the  Jones  matrix 
method,  we  obtain  the  light  intensities  /i,  and  I2 
received  by  the  two  photodetectors  Di  and  D2: 

1 1  ==  cos^(a  +  x)  +  sin^(a  +  x), 

12  =  sin^(a  +  x)  +  cos^(a  +  x), 

with  X  =  P  —  y  and  a  =  Km  coscot. 

Introducing  Bessel’s  functions  of  the  first  kind, 
(2aM),  Ji  (^Xm)  - .  ■ ,  /  i  and  1 2  can  be  expressed  by  the 
Fourier  series: 

h  ^  -  b^)^o  (2aM)cos  2x] 

—  l(a^  —  b^)J I  (2aM)  sin  2x]  cos  cot  •  •  • . 

Then 

Ii=Ioi—IfCOS(ot-\-  (2) 

Also 

h  =  +  b^)  ”  -  b^)Jo  (2aM)cos  2x] 

[{a^  "  b^)  J I  sin  2x]  cos  cot  •  •  • . 

Then 

h  =  ^02  +  If  coscot  H-  , 

With 

/j.  =  [a^  —  b^)  (2aM)  sin  2x,  being  the  ampli¬ 

tude  of  the  component  for  the  modulation  fre¬ 
quency  /in  the  two  channels  1  and  2,  which  must  be 
calibrated  (see  Section  5) 

4.  Measurement  of  the  ellipsometric  angles,  ^ 
and  A 

4. 1.  Measurement  of  sensitivity  and  accuracy 

Method  (see  Fig.  1).  The  azimuth  of  the  Rochon 
prism  (way  1)  is  fixed  to  /  =  45°.  The  polarizer 
azimuth  6  is  adjusted  until  the  amplitude  of  the 
fundamental  term  /  vanishes,  /  =  0  and  9  = 
Then  we  get  sin  2x  =  sin  2(jS  —  y)  =  0  and  so 
y  ^  =  45°  or  y  =  /  -h  njl  =  135°,  hence  tan  2y  = 

±  00.  According  to  Eq.  (1),  we  have  necessary 
0  =  00  - 

Sensitivity.  The  sensitivity  of  this  measurement 
is 

5,  ==  IAVA0I  =  |A//Ay|  |Ay/A0| 


From  Eqs.  (2)  and  (1),  after  some  tedious  calculus, 
we  get 


A/f 


Ay 
1  - 


Ay 

A0 


2/o  Ji  (2aM)ksP  tan  T  |cos^| 


2tan*f'  tan0sinzl\^ 
tan^  +  tan^  6 


■1/2 


One  can  demonstrate  that  (given  ^  and  A)  Sq  is 
maximum  for  0  =  ^  (and  consequently  y  =  45°  or 
y  ^  135°).  This  maximum  is  ^ 

(2aM)  tan  T.  It  is  independent  of  A.  This  means  that 
the  sensitivity  is  independant  of  the  reflected 

light  form  (linear,  elliptical  or  circular). 

A  sensitivity  better  than  0.001°  on  W  measure¬ 
ment  is  always  obtained  (in  visible  spectrum  and  in 
the  case  of  specular  surfaces). 

Accuracy.  The  accuracy  on  W  depends  also  on 
many  other  points  of  the  ellipsometric  device.  For 
example: 

(1)  accuracy  calibration  of  the  azimuthal  scales 
of  the  polarizer  and  analyzer, 

(2)  accuracy  on  the  angle  of  incidence  ct)i, 

(3)  Faraday  modulator  showing  no  residual  bir¬ 
efringence  and  no  stray  magnetic  field  radiation, 

(4)  accuracy  on  the  ellipsometric  azimuthal 
alignments,  i.e.  on  the  plane  of  incidence  location. 

For  this  last  point,  we  have  perfected  an  original 
method,  very  easy  to  implement,  allowing  to  locate 
the  plane  of  incidence  with  a  high  precision,  better 
than  0.005°  [3]. 

With  our  ellipsometric  device,  after  cancelling 
the  various  possible  inaccuracies  previously 
pointed  out,  we  may  estimate  the  accuracy  on 
^  measurement  at  about  0.01°.  This  is  limited  by 
the  stepping  motor  resolution  (0.005°)  in  the  half¬ 
step  mode. 


4.2.  Measurement  of  A -accuracy 


The  value  of  A  is  obtained  using  the  ratio  of  dc 
components  Iqi  and  1 02  obtained  after  filtering  the 
detected  signals,  and  the  function  Jq  (2aM)-  Accord¬ 
ing  to  Eq.  (2)  we  can  write  (when  x  =  0) 

/o,  =i(a^  +  h^)+i(a^-02)Jo  (2aM), 


near  x  =  jS  —  y  =  0. 


Io2=Ha^  +  b^)-^{a^-b^)Jo  {2aJ. 
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Fig.  2.  Measurements  of  the  ellipsometric  angle  A  in  degrees  on 
a  commercial  Si  wafer  at  some  angles  of  incidence  q), 
(2  =  670  nm)  and  theorical  curves  for  d  =  10-15-20-25  A. 


Let  E  =  arctan  b/a  be  the  ellipticity  angle,  and 
e  =  hja  the  ellipticity,  e  may  be  related  to  d, 
0  [4]  (choosing  0  <  d  <  tc): 

.  ^  2  tan  d  tan  ^  sin  d 

sin  2e  = - ^ - z — . 

tan*-  +  tan^  0 

And  so,  for  0  =  T,  sin  2e  ~  sind  and  cos2e  = 
±  cos  d. 

Furthermore  relations  (2)  allow  us  to  write 


be  equal  and  M  =  0.  If  it  is  not  the  case,  the 
electronic  module  (EM)  is  adjusted  (amplifications 
and  offset  voltages)  to  have  exactly  M  =  0. 


6.  Some  measurements 

As  an  illustration  of  our  method,  we  have  made 
measurements  on  a  single  layer  surface  film  of  Si02 
overlaid  on  a  Si  substrate  (commercial  Si  Wafer). 
We  have  operated  at  a  wavelength  2  =  670  nm  and 
at  an  angle  of  incidence  cpi  =  74.5°,  in  the  vicinity  of 
the  principal  angle  of  incidence  of  the  Si  substrate, 
(Pp  ~  75’'. 

Our  aim  is  to  determine  the  optical  constants 
ni,  (of  the  film),  ^2  and  k2  (of  the  substrate) 
and  the  thickness  d  of  the  Si02  film  with  the 
measurements  of  ^  and  d  at  one  angle  of  incidence 
(Pi,  by  using  an  iterative  method  described  else¬ 
where  [5]. 

Using  international  notations,  one  may  write 
p  =  tan  ' 

_>'p_  'oip  + 1  + '•oi.v''i2. 

I'a  1  +'‘01p''l2pS  ''Ols  +  '■l2,v  ^ 

.  ,  ,  2nd  III  cos  (pi 

with  (!)  =  - - ^ 

/. 


-foi  ~  ^02  _  1  —  C" 
^01  +  -fo2  1  + 


2^0  {2cCf^) 


Jq  (2aM)  cos  d  ^  (1  —  o^m)  cos  d  (aM  ^  L  ). 


The  measured  value  M  is  equal  to  cos  d  with 
a  relative  systematic  error  (a^  ^  3  x  lO”"^  with 
our  ellipsometric  set-up).  Then,  the  relative  system¬ 
atic  error  on  sind  is  a^/tan^d  (  ^  O  when  (p^  is 
fixed  in  the  vicinity  of  cpp). 


Introducing  ?/  =  e  in  the  expression  of  p  gives 

Aif  Bi]  C  =  0  and  then: 

( -B  ±  Jb~  -a AC) 

= - 22 - ’ 

d,  B  and  C  depending  on  Mi,  n2,  ^2,  (Ph  ^  and  d. 
Assuming  \t)\  =  1  and  by  iterating,  we  obtain 

Measurements:  cpi  =  74.5°,  ‘F  =  2.178°,  d  = 
36.25°. 


5.  Calibration 

When  the  zero  frequency  term  of  the  light  trans¬ 
mitted  by  the  ways  1  and  2  are  equal  the  measured 
value  M  must  be  zero.  To  carry  out  the  calibration 
of  the  EM  (see  Fig.  2)  we  proceed  so:  0  is  adjusted  at 
0°  or  90°,  p  staying  fixed  at  45°,  /qi  and  Iq2  should 


Determinations:  =  1.456,  1X2  =  3.816,  /c2  = 

0.014,  d^25A,  |f/i-1^10“^ 

Moreover,  Fig.  2  shows  the  experimental  curve 
^  =/(^i)  at  A  =  670  nm  for  different  angles  of  inci¬ 
dence.  This  curve  fits  well  the  theorical  one  corres¬ 
ponding  to  d  =  25  A. 


J.  Monin  et  al.  {Journal  of  Non-Crystalline  Solids  187  (1995)  129-133 


133 


7.  Conclusions 

We  have  described  a  novel  ellipsometric  set-up 
using  a  Faraday  modulation.  It  is  very  easy  to 
implement  and  calibrate. 

It  allows  high  precision  ellipsometric  angles 
measurement.  It  is  well  suited  to  make  measure¬ 
ments  on  very  thin  films  overlayed  on  a  substrate, 
at  any  light  wavelength  (UV,  Vis  or  IR)  available. 
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Abstract 

Effects  of  iron  contamination  on  the  breakdown  and  reliability  characteristics  of  thin  silicon  gate  oxides  are  discussed. 
Gate  oxide  integrity  is  measured  for  thermal  oxides  of  8,  10,  13  and  20  nm  grown  on  silicon  wafers  intentionally 
contaminated  with  lO^^-lO^"^  cm“^  of  iron.  Iron  concentration  in  silicon  is  measured  using  surface  photovoltage  (SPV) 
minority  carrier  lifetime  analysis.  The  density  of  gate  oxide  weak  spots  as  a  function  of  iron  concentration  for  the  various 
oxide  thicknesses  is  reported.  For  10  nm  oxides,  iron  concentration  cannot  exceed  SxlO^^cm"^  without  severe 
degradation  in  oxide  quality.  The  threshold  contamination  level  for  20  nm  oxides  is  200  times  higher 


1.  Introduction 

Silicon  based  technologies  have  dominated  in¬ 
tegrated  circuit  (IC)  fabrication  because  of  the  abil¬ 
ity  to  grow  ultra-thin,  ultra-high  quality  oxide 
layers  on  the  silicon  surface.  Atomic  level  purity 
and  physical  uniformity  are  required  in  such  films 
to  prevent  oxide  weak  spots  and  resulting  prema¬ 
ture  electrical  breakdown.  Unintentional  low-level 
chemical  contaminants  cause  defects  which  reduce 
oxide  quality.  Foremost  among  oxide  defect  gener¬ 
ators  are  transition  metal  impurities  introduced 
into  the  silicon  through  contaminated  chemicals  or 
‘dirty’  processing  equipment.  Metallic  contamina¬ 
tion  is  often  introduced  through  the  wafer  surface. 


*  Corresponding  author.  Tel:  +1-813  974  2096.  Telefax: 
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Due  to  high  diffusivity,  metallic  surface  contamina¬ 
tion  becomes  distributed  throughout  the  wafer 
after  even  animal  thermal  processing  [1].  Iron  is 
the  most  common  metallic  contaminant  owing  to 
the  prevalence  of  stainless  steel  used  in  semiconduc¬ 
tor  process  equipment  such  as  ion  implanters,  gas 
supply  lines,  plasma  equipment,  diffusion  furnaces, 
and  physical  deposition  tooling  [2,3].  A  recent 
survey  of  starting  Czochralski  silicon  substrates 
showed  background  iron  contamination  in  the 
range  of  5  x  10^  to  1  x  10^^  cm"^  within  the  start¬ 
ing  material  [1,4]. 

The  effect  of  heavy  metal  impurities  on  silicon 
electrical  properties  depends  on  the  form  the  impu¬ 
rity  takes  in  the  silicon  crystal  matrix  [5].  Metallic 
impurities  which  remain  dissolved  within  the 
silicon  matrix  create  efficient  mid-band  gap  recom¬ 
bination  centers  and  lead  to  increased  diffused 
junction  leakage.  Heavy  metal  impurities  may  also 
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agglomerate  and  form  distinct,  separate  phase,  high 
conductivity,  metal-silicide  precipitates.  Heavy 
metal  precipitates  which  occur  within  the  device 
fabrication  region  are  extremely  detrimental  to  IC 
yield.  The  ratio  between  the  amount  of  precipitated 
heavy  metals  and  the  amount  of  dissolved, 
interstitial  heavy  metals  is  characteristic  for  each 
type  of  heavy  metal  and  the  process  conditions 
[6,7]. 

For  advanced  VLSI  process  technologies,  the 
most  critical  yield  limiting  aspect  of  heavy  metal 
contamination  is  the  detrimental  effect  of  heavy 
metal  silicide  precipitates  on  thin  gate  oxide  dielec¬ 
tric  breakdown  [8].  The  problem  is  exacerbated  as 
technology  scaling  reduces  feature  size  and  film 
thickness  such  that  the  precipitate  defects  are  more 
pronounced  in  effect.  Previous  studies  which  have 
investigated  the  effects  of  iron  impurity  contamina¬ 
tion  on  silicon  devices  have  shown  that  iron  pre¬ 
cipitates  primarily  as  a  rod-like  FeSi2  phase  [9]. 
These  precipitates  were  shown  to  occur  at  or  near 
the  silicon  surface  or  Si-Si02  interface  [10]  and 
can  reduce  the  breakdown  voltage  of  thin  Si02 
layers.  Most  of  these  experiments  were  performed 
at  very  high  levels  of  iron  contamination,  e.g. 
[Fe]  =  to  10^^  cm“^,  which  is  much  above 
the  range  required  for  state-of-the-art  micron  and 
sub-micron  fabrication  technologies.  Contamina¬ 


tion  levels  relevant  for  typical  process  conditions 
today  are  in  the  range  of  10^  to  10^^  atoms/cm^. 

2.  Experimental  procedure 

The  experimental  effort  consisted  of  MOSDOT 
fabrication  on  clean  wafers  and  on  wafers  inten¬ 
tionally  contaminated  with  iron.  High  quality 
2Qcm,  <100>,  3"  p-type  float  zone  wafers  were 
used  for  the  experimentation.  Float  zone  wafers 
were  chosen  to  eliminate  any  unwanted  internal 
gettering  uncertainties.  During  several  of  the  ex¬ 
perimental  runs,  equivalent  Czochralski  process 
wafers  were  included  for  comparison  to  the  float 
zone  wafer  results.  Following  a  SC1/HF/SC2  clean 
sequence  [11],  specific  wafers  were  intentionally 
contaminated  with  iron  by  spin  applying  a  1  to 
40  ppm  aqueous  FeCla  solution  onto  the  wafer 
before  the  oxidation  [12].  This  surface  iron  con¬ 
tamination  was  driven  into  the  wafer  bulk  by  an  in 
situ  preoxidation  anneal  in  N2  at  the  oxidation 
temperature  for  25  min  before  the  oxygen  flow  be¬ 
gan.  Prior  to  the  study,  significant  effort  was  exp¬ 
ended  to  isolate  all  second-order  effects  concerning 
oxide  processing,  especially  background  ionic  and 
metallic  contamination.  This  effort  resulted  in 
a  furnace  background  iron  contamination  level  of 


Voltage  (V) 


Voltage  (V) 


(C) 


1x10^^  cm" _ 

fflHiHitfnrj 
/■r'  .'iiiifiiirnKEPV 

//  ijiiiimir 

IMUUliT 

fl  ,1  lirjfFiar 
/;/! 

‘  i  n’.m)s 
*1 

1  /r7/.wri 
I  y|  imiM 
fT  j 

j\  r/msii 

i  iVI  I  hK;HW5r 


11/ 

HI 

n 

{0 

f.ii 

(jFi 


-5  -10  -15 

Voltage  (V) 


Fig.  1,  Ramp  voltage  I~V  curves  for  8  nm  oxide  grown  on  silicon  wafers  with  iron  concentration  of;  (a)  4x10^*^  cm  ^  (b) 
7  X  10^^  cm“^,  (c)  1  X  10^^  cm“^. 
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1  to  4x  10^^  atoms/cm^.  Thermal  oxides  of  8,  10, 
13,  16,  and  20  nm  were  grown  at  SSO^'C  in  dry  O2. 
Oxide  thickness  uniformity  was  verified  by  wafer 
mapping  to  be  within  3%  across  the  wafer  area. 
Aluminium  electrodes  and  backside  contact  were 
formed  by  thermal  evaporation  to  define  the  MOS- 
DOT  capacitors.  The  wafers  were  annealed  for 
20  min  at  450'’C  in  a  5%  H2/95%  N2  forming  gas 
ambient. 

Iron  concentration  was  measured  on  all  samples 
after  oxidation  via  diffusion  length  analysis.  Diffu¬ 
sion  length  was  measured  using  a  surface  photo¬ 
voltage  (SPY)  procedure  [13].  The  iron  concentra¬ 
tion  analysis  procedure  using  diffusion  length 
measurements  is  outlined  in  Fig.  1  and  discussed  in 
detail  by  Zoth  and  Bergholz  [1].  The  SPY  iron 
determination  method  provides  an  iron  detection 
limit  of  ^1  X  10^°  cm“^.  In  all  cases,  the  iron  con¬ 
centration  was  determined  after  the  oxide  process¬ 
ing.  The  controlled  contamination  procedure  yiel¬ 
ded  iron  concentrations  in  the  range  of  5  x  10^^  to 
5x  lO^'^cm^^.  Iron  concentration  uniformity  was 
typically  5%  across  the  wafer. 

Oxide  breakdown  was  determined  by  applying 
a  ramp  voltage  stress  in  accumulation  mode  of 
1  MY/cm/s  until  a  current  of  0.02  A/cm^  was 
exceeded.  At  this  current  level,  significant  deviation 
from  Fowler-Nordheim  tunneling  had  occurred. 
Time  dependent  dielectric  breakdown  (TDDB) 
stress  testing  was  performed  by  applying  constant 
electric  field  (typically  10  MY/cm)  and  monitoring 
the  leakage  current  through  the  capacitor.  Approx¬ 
imately  250  MOSDOTs  were  used  for  the  ramp 
voltage  I-Y  testing  and  100  MOSCOTs  on  each 
wafer  were  used  for  the  TDDB  testing.  All  testing 
was  performed  at  22°C. 

3.  Results 

3.1.  MOSDOT  current-voltage  test  results 

The  detrimental  effects  of  low-level  iron  contami¬ 
nation  on  gate  oxide  quality  is  clearly  shown  by  the 
ramp  voltage  oxide  breakdown  testing.  Cur¬ 
rent-voltage,  /-F,  traces  for  clean  and  iron  con¬ 
taminated  MOSDOT  wafer  samples  are  shown  in 
Figs.  l(a)-(c).  The  traces  represent  the  I-V  test  re¬ 


sults  from  137  individual  MOSDOT  test  structures 
on  each  of  three  separate  8  nm  oxide  test  wafers. 
The  clean  sample  (Fig.  1(a),  [Fe]  =  4  x  10^^  cm“^) 
is  typical  of  a  good  reference  quality  oxide.  No  low 
field  breakdowns  are  apparent;  the  distribution  of 
l-V  curves  is  tightly  grouped,  and  the  average 
breakdown  field  approximately  13  MY/cm. 
Fig.  1(b)  shows  the  moderately  contaminated 
([Fe]  —  7  X  10^^  cm“^)  8  nm  oxide  sample.  Com¬ 
parison  to  the  clean  sample  shows  some  low  field 
breakdowns  occur,  and  there  is  greater  dispersion 
at  the  catastrophic  breakdown  point.  The 
[Fe]  =4x  10^^  cm“^  contaminated  sample 
(Fig.  1(c))  shows  a  much  larger  distribution  of  the 
I-Y  characteristics.  It  is  obvious  a  distinct  reduc¬ 
tion  in  oxide  quality  occurs  as  a  result  of  the  iron 
contamination. 

The  breakdown  l-V  characteristics  shown  in 
Fig.  1  indicate  that  two  distinct  breakdown  phe¬ 
nomenon  are  present.  The  clean  samples  are  very 
typical  of  reported  ramp  voltage  breakdown  test 
results  [14,15].  Uniformity  in  the  l-V  curves  sug¬ 
gests  that  the  underlying  mechanism  responsible 
for  the  ultimate  current  at  breakdown  is  uniformly 
distributed  across  the  wafer  surface  and  a  well 
controlled  material  parameter.  The  iron  con¬ 
taminated  samples  (Figs.  1(b)  and  1(c))  have  numer¬ 
ous  MOSDOTs  in  which  the  catastrophic  cur¬ 
rent-voltage  breakdown  point  is  reduced  com¬ 
pared  to  the  clean  reference  sample.  We  propose 
these  breakdowns  are  triggered  by  iron  precipitates 
which  occur  at  or  near  the  Si-Si02  interface.  The 
conductive  precipitates  enhance  the  local  field  in 
the  vicinity  of  the  precipitate  (the  iightning-rod’ 
effect),  thus  enhancing  current  injection  at  a  lower 
applied  voltage.  Dispersion  in  precipitated  size  and 
aerial  density  across  the  surface  of  the  wafer  result 
in  the  dispersion  of  breakdown  l-V  characteristics. 
The  average  breakdown  field  for  each  of  the  oxide 
thickness  as  a  function  of  iron  concentration  is 
shown  in  Fig.  2. 

Using  ramp  voltage  test  data,  defect  density  cal¬ 
culations  were  made  on  the  clean  and  iron  con¬ 
taminated  oxides.  Failure  was  defined  as  a  MOS¬ 
DOT  capacitor  which  exhibited  breakdown  at  an 
electric  field  lower  than  8  MY/cm.  Results  of  this 
analysis  for  the  oxide  samples  are  shown  in  Fig.  3, 
where  defect  density  is  plotted  as  a  function  of  iron 
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Fig.  2.  Average  oxide  breakdown  electric  field  as  a  function  of 
iron  concentration  for  the  various  oxide  thicknesses. 


Fig.  3.  Oxide  defect  density  versus  iron  contamination  for  the 
various  oxide  thicknesses  evaluated.  A  defect  is  defined  as  break¬ 
down  occurring  at  less  than  8  MV/cm  during  ramp  voltage  I-V 
test. 

concentration  for  the  oxide  thicknesses  evaluated. 
The  evidence  of  a  critical  iron  contamination  thre¬ 
shold  for  each  oxide  thickness  is  clearly  shown  in 
this  figure.  As  would  be  expected,  the  iron  contami¬ 
nation  threshold  which  degrades  oxide  quality  de¬ 
creases  as  the  oxide  thickness  is  reduced. 

3.2  Oxide  failure  mechanism  related  to  iron 
contamination 

To  investigate  the  effects  of  iron  contamination 
on  thin  oxide  dielectric  properties,  a  modeling  and 


experimental  effort  was  undertaken.  For  the  electri¬ 
cal  modeling  of  thin  oxide  structures,  PISCES  [16] 
computer  simulation  models  were  developed  which 
represented  conductive  defects  at  the  Si-Si02  inter¬ 
face.  The  defect  was  modeled  as  a  conductive  region 
which  penetrated  into  the  oxide  at  the  lower  elec¬ 
trode.  Reflecting  boundary  conditions  were  placed 
on  the  sidewall  regions.  Various  defect  heights,  bias 
conditions,  and  oxide  thicknesses  were  modeled. 

The  oxide  electric  field  is  increased  near  the  re¬ 
gion  of  the  conductive  defect.  Fig.  4  represents 
cross-sections  of  the  electric  field  through  the  oxide 
layer  at  various  points  along  the  x  (position)  axis. 
The  cross-section  taken  at  the  defect  edge  shows 
the  field  at  the  defect  corner  to  be  significantly 
higher  than  that  of  the  bulk,  unperturbed,  oxide 
regions.  The  increase  in  maximum  electric  field 
present  in  the  oxide  layer  (at  the  defect  corner)  as 
a  function  of  various  size  conductive  defects  is 
shown  in  Fig.  5.  The  simulation  indicates  enhance¬ 
ment  in  field  magnitude  due  to  the  conductive 
region  is  far  higher  than  can  be  accounted  for  by 
oxide  thinning  alone. 

The  electrostatic  modeling  analysis  predicts  that 
the  localized  electric  field  will  increase  linearly  with 
defect  size  according  to 

=  +aci), 

^OX 

where  d  is  defect  size  (cm),  V  is  voltage,  a  is  constant 
equal  to  7  x  10^  cm"^  tox  is  oxide  thickness  (cm). 
This  result  is  in  general  agreement  with  the  work  of 
Honda  [9],  where  thin  oxide  breakdown  voltage  in 
the  presence  of  iron  precipitates  was  approximately 
2.5  times  lower  than  that  predicted  by  oxide  thin¬ 
ning  considerations. 

To  extend  this  electrostatic  modeling  work  to 
oxide  breakdown  analysis,  we  begin  with  the  pre¬ 
vious  work  of  Lee  et  al.  [17].  Our  electrostatic  field 
analysis  was  applied  to  this  breakdown  modeling 
which  relates  time  to  breakdown  to  electric 
field  by 

tBD  =  Toexp(G/£)  =  Toexp(Greff/F), 

where  G  =  320  MV/cm,  Tq  =  1  x  10“  s,  E  is  elec¬ 
tric  field,  V  is  applied  voltage,  and  is  the  ‘effec¬ 
tive’  oxide  thickness  at  the  breakdown  site.  Note, 
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Distance  from  Top  Electrode  (A) 


Fig.  4.  Electrostatic  analysis  simulation  model.  This  plot  illustrates  the  oxide  electric  field  distribution  though  the  oxide  in  the  presence 
of  a  conductive  defect.  Paths  begin  at  .x  =  0  (surface)  and  proceed  through  the  oxide  to  the  Si-Si02  interface. 


Defect  Size  (A) 

Fig.  5.  Electrostatic  analysis  simulation  results.  The  maximum  oxide  electric  field  is  due  to  the  presence  of  conductive  defect  region  at 
Si-Si02  interface.  The  enhancement  of  oxide  electric  field  magnitude  is  greater  than  can  be  attributed  to  oxide  thinning  alone. 
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Jeff  does  not  necessarily  equal  fox  due  to  localized 
thinning  or  defects  structure. 

Our  analysis  builds  on  this  work  by  modifying 
the  feff  term  to  account  not  only  for  oxide  thinning 
in  the  region  of  the  precipitate,  but  also  the  en¬ 
hancement  in  electric  field  due  to  the  ‘lightning-rod’ 
effect.  Using  this  model,  the  effective  oxide  thick¬ 
ness  and  precipitate  defect  size  may  be  estimated  by 


teff  — 


(1  +  ocd) 


or  d  =  - 
a 


Note  the  definition  of  feff  now  accounts  for  field 
enhancement  due  to  the  geometrical  singularity 
effect  of  the  conductive  precipitate. 

Using  this  analysis  for  ramp  voltage  breakdown 
testing,  the  breakdown  voltage  V^d  for  oxides  with 
heavy  metal  precipitates  may  be  expressed  as  [18] 


To  =10-^^ 


Vjp 

GRt.fi 


exp 


/  -  Gt^f(\ 

V  / 


where  R  is  the  voltage  ramp  rate  and  teff  includes 
the  a  factor  to  account  for  the  electrostatic  geomet¬ 
rical  singularity  effect  of  the  conductive  precipitate. 


4.  Conclusions 

The  susceptibility  of  thin  silicon  oxides  to  low- 
level  iron  contamination  has  been  evaluated  by 
comparing  the  oxide  breakdown  and  reliability 
characteristics  of  oxides  grown  on  clean  wafers  to 
oxides  grown  on  wafers  intentionally  contaminated 
with  iron.  Experimental  results  show  the  dramatic 
lowering  of  gate  oxide  integrity  (GOI)  and  reliabil¬ 
ity  in  the  presence  of  iron  contamination.  As  ex¬ 
pected,  thinner  oxide  films  require  more  stringent 
contamination  control  specifications.  The  data  in¬ 


dicates  that  a  reduction  of  oxide  thickness  from  20 
to  10  nm,  corresponding  to  a  transition  form  1.0  to 
0.5  pm  technology,  requires  a  reduction  in  iron 
contamination  level  by  two  orders  of  magnitude 
(from  10^^  to  10^^  cm"^). 

This  work  was  supported  by  the  SRC/Sematech 
Center  of  Excellence  (SCOE)  program  and  the  IBM 
Corporation. 
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Abstract 

The  results  of  a  study  of  the  stability  of  electrical  stress-induced  positive  charge  in  aluminum  gate  metal-tunnel 
oxide-silicon  diodes  exposed  to  various  temperature  and  bias  treatments  are  presented.  It  is  found  that  the  electrical 
stress-induced  charge  relaxes  over  time,  being  neutralized  in  a  manner  that  is  dependent  both  on  the  ambient 
temperature  and  on  the  mean  oxide  field,  suggesting  that  the  stress-induced  oxide  charge  can  communicate  with  free 
carriers  via  activated  tunneling. 


1.  Introduction 

The  relevance  of  studying  ultra-thin  oxides 
(2.0-4.0  nm)  on  silicon  is  validated  partly  by  the 
continuous  scaling  of  conventional 
metal-oxide-silicon  (MOS)  based  device  technolo¬ 
gies,  and  partly  by  the  fact  that  the  metal-tunnel 
oxide-silicon  (MTOS)  diode  can  be  utilized  in 
other  device  structures  such  as  electrically  alterable 
read  only  memories,  MOS  tunnel  emitter 
transistors  and  solar  cells.  Surprisingly,  the  MTOS 
device  is  potentially  less  sensitive  to  electrical  stress 
than  thicker  oxide  devices  when  comparing  stress 
at  similar  oxide  electric  fields.  This  has  been  re¬ 
ported  repeatedly  [1-3],  and  can  be  attributed  to 
the  fact  that  the  harmful  impact  of  tunneling 
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electrons  may  be  more  closely  related  to  the  applied 
voltage  than  to  the  oxide  electric  field  for  thin 
enough  oxides. 

This  investigation  concerns  the  stability  of  elec¬ 
trical  stress-induced  positive  charge  in  the  oxide. 
We  have  previously  studied  the  mechanism  for 
positive  charge  build-up  during  electrical  stress  of 
MTOS  diodes  and  reported  striking  similarities  to 
effects  seen  in  conventional  MOS  structures.  Ap¬ 
plying  a  negative  bias  to  the  (aluminum  or  poly-Si) 
gate  of  2.0-3. 5  nm  oxide  devices  will  lead  to  the 
appearance  of  positive  charge  in  the  oxide  if  the 
voltage  is  greater  than  a  threshold  of  ^  —  3  V 
[4-8].  The  similarities  persist  when  we  examine  the 
effects  of  temperature  and  bias  on  the  relaxation  of 
this  stress-induced  charge.  We  believe  that  it  is 
fruitful  to  consider  these  results  in  context  with 
conventional  MOS  studies  to  gain  further  insights 
into  the  physical  mechanisms  behind  device  degra¬ 
dation  and  breakdown. 
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2.  Experimental  procedure 

2.1.  Device  characteristics 

The  samples  in  this  study  are  aluminum  gate 
MTOS  devices  formed  on  a  -  50  Q  cm,  p-type, 
<  100>  oriented  silicon  substrate.  The  tunnel 
oxides  were  grown  at  low  temperature  (750°C)  in 
dry  oxygen  to  a  thicknesses  of  2.3  nm  as  esti¬ 
mated  using  a  capacitance  method  described  by 
Ricco  et  al.  [9].  Using  a  method  suggested  by 
Maserjian  [10]  to  measure  the  oxide  capacitance 
resulted  in  an  oxide  thickness  value  of  2.1  nm. 
All  of  the  devices  were  initially  subjected  to 
a  15  min  post-metallization  anneal  at  350°C  in 
a  10%-H2/Ar  atmosphere  to  improve  the  oxide 
quality  [7,11-13]. 

2.2.  Measurement  methods 

The  change  in  tunnel  current  during  electrical 
stress  can  be  taken  as  a  measure  of  the  change  in 
the  net  amount  of  charge  in  the  oxide.  This  can  be 
seen  from  the  following  experiment. 

At  intervals  during  electrical  stressing  of  a  2.3  nm 
device  at  100  K,  the  bias  is  turned  off  and 
capacitance-voltage  (C-F)  characteristics  are 
measured  at  100  kHz.  As  the  stress  time  increases, 
the  C-V  curve  shifts  towards  more  negative 
voltages  while  the  tunnel  current  gradually 
increases.  Assuming  that  positive  charge  centers 
appear  in  the  oxide  as  a  result  of  the  stress,  each 
center  will  induce  a  local  enhancement  of  the 
electron  tunnel  current.  The  total  increase  in 
current  with  time  will  thus  be  proportional  to  the 
number  of  point  charge  centers  created,  provided 
that,  on  average,  each  charge  center  gives  rise  to  the 
same  local  current  enhancement. 

Fig.  1  shows  the  amount  of  net  positive  charge 
needed  to  give  rise  to  the  observed  fractional 
change  in  current,  Noxh  plotted  versus  the  amount 
of  charge  in  the  oxide  calculated  from  the  C-V 
shift,  Aoxc-v-  The  effect  of  a  single  positive  point 
charge  in  the  oxide  on  the  tunnel  current  of  an 
MTOS  device  has  been  calculated  on  the  basis  of 
previous  work  by  Schmidlin  [14]  and  Andersson 
et  al.  [15].  The  calculation  is  virtually  identical  to 
the  one  described  in  Ref.  [15],  with  only  a  change  of 
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Fig.  1,  Point  charge  density  calculated  from  current  increase 
versus  charge  density  calculated  from  C-V  shift.  The  dashed  line 


is  a  guide  to  the  eye. 


sign  for  the  potential  contribution  from  the  point 
charge,  since  that  paper  treats  only  negative  charge 
centers.  The  effective  mass  for  the  tunneling 
electrons  in  the  oxide  has  been  set  to  0.3  times  the 
free  electrons  mass,  which  is  a  reported  value 
[10,13,16]  as  well  as  what  we  find  to  yield  the  best 
theoretical  fit  to  measured  current-voltage 
characteristics.  Successful  descriptions  of  charging 
phenomena  in  thin  oxides  have  previously  been 
achieved  with  Schmidlin’s  model  in  work  by 
Maserjian  and  Zamari  [17].  In  our  case  the  charge 
has  been  assumed  to  appear  near  the  center  of  the 
oxide.  In  Fig.  1  the  two  measures  are  clearly  very 
well  correlated  in  the  sense  that  they  are 
proportional  to  each  other.  Thus,  plotting  the 
change  in  current  during  relaxation.  |A/r|, 
normalized  to  the  current  change  induced  by  prior 
electrical  stress  |A/s|  can  be  expected  to  yield  the 
same  measure  of  the  relaxation  as  plotting  the  shift 
in  C-V  characteristics  |AFr|  normalized  to  |AFs|. 


3.  Results 

3.1.  Relaxation  temperature  dependence 

The  effect  of  temperature  on  the  relaxation  was 
studied  using  current  versus  time  (I-t) 
measurements  and  subjecting  different  devices  to 
different  relaxation  temperatures  for  the  same 
duration.  Devices  were  stressed  at  150  K,  -3.4  V, 
and  the  relaxation  time  was  1000  s.  Zero  bias  was 
applied  during  the  relaxation.  In  Fig.  2  the 
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Fig.  2.  The  change  in  current  during  relaxation  normalized  to 
the  current  increase  during  prior  stress  versus  relaxation 
temperature.  Zero  bias  was  applied  during  the  relaxation. 

fractional  recovery  is  plotted  versus  relaxation 
temperature.  The  fractional  recovery  is  taken  as  the 
mean  of  four  consecutive  relaxations;  after  1000, 
3000,  10000  and  30000  s  of  stress  (the  relaxation  is 
roughly  the  same  in  all  four  cases).  Clearly,  the 
relaxation  effect  is  enhanced  for  elevated 
temperatures.  Each  data  point  is  for  one  device. 

3.2.  Relaxation  electric  field  dependence 

The  same  kind  of  measurements  as  described  in 
the  previous  section  were  carried  out  with  different 
relaxation  biases  at  300  K.  In  this  case  a  clear  effect 
of  the  oxide  electric  field  can  be  seen.  This  is 
presented  in  Fig.  3,  in  which  the  fractional  recovery 
(again  taken  as  the  mean  of  four  consecutive  1000  s 
relaxations;  after  1000,  3000,  10,000  and  30,000  s  of 
stress)  is  plotted  versus  the  mean  oxide  field 
strength.  The  voltage  drop  over  the  oxide  has  been 
derived  from  an  experimental  C~V  curve  taken  at 
10  kHz,  using  the  Berglund  technique  [18].  For  the 
bias  point  of  +  2  V,  the  voltage  distribution  over 
the  device  is  not  known,  hence  the  large  error  bar 
for  this  point. 

3.3.  Relaxation  dynamics 


Fig.  3.  The  change  in  current  during  relaxation  normalized  to 
the  current  increase  during  prior  stress  versus  mean  oxide 
electric  field  during  relaxation.  The  relaxation  took  place  at 
room  temperature.  The  dashed  line  is  a  guide  to  the  eye. 


Fig.  4.  The  shift  in  C-V  characteristic  during  relaxation 
normalized  to  the  initial  stress-induced  shift  versus  relaxation 
time.  The  dashed  line  is  a  guide  to  the  eye. 


the  C-V  characteristic,  which  in  turn  is 
proportional  to  the  change  in  oxide  charge 
concentration.  In  Fig.  4  we  plot  the  shift  of  the  C-V 
characteristic  during  relaxation  normalized  to  the 
initial  stress-induced  shift.  The  curve  is  sublinear 
with  relaxation  time.  We  note  that  similar  slow 
relaxation  dynamics  has  been  reported  for  charge 
in  thicker  oxides  [19,20]. 


To  look  at  the  relaxation  dynamics  we  measure 
the  capacitance  transient  at  an  applied  gate  bias  of 
—  1.1  V  at  the  same  temperature  as  the  initial 
stress.  The  small  observed  increase  in  capacitance  is 
approximately  proportional  to  the  voltage  shift  of 


4.  Discussion 

In  principle,  the  disappearance  of  positive  charge 
in  the  tunnel  oxide  agrees  very  well  with  the 
suggested  hole  detrapping  that  is  reported  for 
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thicker  oxides  [19,21,22].  A  logarithmic  time 
dependence  for  the  charge  center  depopulation  has 
been  proposed  to  result  from  tunnel  emission  from 
trap  centers  that  are  evenly  distributed  throughout 
the  oxide  [20,23].  The  observed  temperature 
dependence  suggests  some  kind  of  thermal 
activation  of  the  process. 

The  fact  that  the  relaxation  increases  for  higher 
temperature  and  higher  electric  field  has  an 
important  implication;  if  electrical  stressing  leads  to 
the  formation  of  hole  traps,  fewer  of  these  will  be 
detected  as  positively  charged  at  elevated  fields  and 
temperature  as  compared  to  lower  field  and 
temperature.  Hence,  the  stress-induced  oxide 
damage  at  increased  bias  and  temperature  levels 
will  be  underestimated  when  monitoring  the 
positive  charge  content  of  the  oxide  during  stress. 

5.  Conclusion 

In  summary  we  see  that  the  positive  charging 
effect  in  an  MTOS  device  is  equally  well  monitored 
by  consecutive  C-V  measurements  or  by 
a  continuous  I-~t  measurement.  The  net  positive 
charge  that  appears  in  the  oxide  during  stressing 
at  least  partially  disappears  when  removing  the 
stress  bias.  This  relaxation  effect  depends  on  both 
temperature  and  applied  voltage.  The  effect  of 
electrical  stress  at  higher  negative  biases  or  elevated 
temperatures  will  thus  be  underestimated  as 
compared  to  low-temperature,  low-bias  stress  when 
only  monitoring  the  amount  of  positive  charge  in 
the  oxide,  since  the  concurrent  relaxation  process 
will  be  enhanced  at  higher  bias  and  temperature. 
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Abstract 

The  resistances  of  dry  and  dry/wet/dry  gate  oxides  to  Fowler-Nordheim  injections  are  compared.  Two  types  of  test 
MOS  capacitors  were  used  in  order  to  verify  whether  a  simplified  process  can  lead  to  reliable  results.  A  dry/wet/dry  oxide 
exhibits  higher  injected  charge  to  intrinsic  breakdown  and  smaller  density  of  net  effective  trapped  charge  than  a  dry  oxide 
does.  The  interface  state  generation  rates  are  identical  for  both  oxides.  The  improvement  is  attributed  to  higher  electron 
trapping  in  dry/wet/dry  oxide. 


1.  Introduction 

In  transistors  used  for  non-volatile  memories,  the 
gate  (or  tunnel)  oxide  must  keep  its  integrity  after 
strong  cumulated  electron  injections.  One  of  the 
proposed  solutions  consists  in  using  dry/wet/dry 
(DWD)  rather  than  standard  dry  (D)  gate  oxides. 
Reliability  problems  of  non-volatile  memories 
mainly  come  from  oxide  defects  and  from  charges 
created  by  electron  injection  either  in  the  bulk 
oxide  or  at  the  interface  Si/Si02.  The  oxide  immun¬ 
ity  to  Fowler-Nordheim  (FN)  electron  injection 
can  be  measured  by  the  densities  of  trapped  charges 
and  created  interface  states.  Another  way  of 
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qualifying  the  thin  oxides  consists  in  determining 
the  distributions  of  breakdown  field,  or  of  the 
charge  injected  before  breakdown,  from  which 
it  is  possible  to  define  the  oxide  defectivity.  In  this 
contribution,  we  compare  the  intrinsic  charge  injec¬ 
ted  before  breakdown  determined  by  the  exponen¬ 
tial  ramp  current  stress  (ERCS)  method  with  the 
bulk  charge  and  the  interface  states  created  by  FN 
electron  injections  in  D  and  DWD  gate  oxides. 


2.  Experiment 

Two  types  of  test  MOS  capacitors  on  P-type 
silicon  substrates  (p^^2Qcm)  with  dry  or 
dry /wet/dry  oxide  were  used.  The  PC  capacitors 
were  realized  with  the  same  process  steps  as  those 
used  for  EEPROM  memories.  They  have  an  area  of 
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^  =  0.1  mm^  delimited  by  an  diffused  ring  and 
a  simple  polysilicon  gate.  The  TC  capacitors  were 
realized  on  test  wafers  using  a  simplified  process. 
They  have  different  areas  (between  0.063  and 
6.3mm^),  delimited  by  a  field  oxide  (LOCOS).  In 
order  to  reduce  the  series  resistance  effect  [1] 
a  layer  of  WSi2  silicide  was  deposited  by  LPCVD 
on  the  polysilicon  gate. 

Various  methods  have  been  proposed  to  deter¬ 
mine  the  oxide  defectivity  using  accelerating  tests 
performed  on  MOS  capacitors  at  constant  high 
gate  voltage,  constant  current  or  with  a  linear  ramp 
voltage  stress  (LRVS)  method.  In  this  work,  we 
used  essentially  the  ERCS  method,  which  consists 
in  applying  an  exponential  ramp  current  and 
measuring  the  injected  charge  2bd  before  break¬ 
down.  The  ERCS  method  has  been  shown  to  pro¬ 
vide  the  best  sensitivity  in  the  shortest  time  [2]. 
This  method  is  particularly  well  adapted  to  tunnel 
oxides.  We  think  that  the  ERCS  method  also  gives 
useful  information  concerning  the  quality  of  gate 
oxides  (100-400  A).  The  Qbd  distribution  is  gener¬ 
ally  constituted  of  two  parts. 

(i)  The  failures  observed  for  low  Q^d  values  are 
called  extrinsic  breakdowns,  characterized  by  the 
oxide  defectivity  usually  defined  by  Ref.  [3]: 
^(2bd)  =  -  ln(l  -  P(2bd))  M,  where  P(gbd)  is  the 
cumulated  probability  for  capacitors  to  fail  for 
Cinj  less  than  Qbd-  In  order  to  define  the  defectivity 
of  the  studied  gate  oxides,  we  chose  Qbd  = 
10"^C/cm^,  a  value  low  enough  to  be  related  to  the 
product  yield  [4]. 

(ii)  Breakdowns  obtained  for  the  highest  values 
of  Qbd  are  called  intrinsic.  We  defined  the  intrinsic 
breakdown  by  P(2bd)  "  0-9- 

Extrinsic  and  intrinsic  breakdowns  as  well  re¬ 
vealed  by  the  Gumbel  diagram,  which  gives  the 
variation  of  ln(  —  ln(l  —  P)  versus  log(gbd)  •  Evi¬ 
dently,  the  gate  oxide  must  have  the  lowest  defec¬ 
tivity  and  the  highest  intrinsic  Q^d  value. 

The  quasi-static  capacitance  method  was  used  in 
order  to  determine  the  charges  trapped  in  the  bulk 
of  the  gate  oxides  and  the  generated  interface  states 
after  different  constant  current  FN  injections  ap¬ 
plied  during  the  same  time  (10  s).  In  Fig.  1,  the 
normalized  Cq^/Cox  =/(Fg)  characteristics  of 
D  and  DWD  PC  capacitors  are  plotted  before  and 
after  stress  =  1.1  C/cm^).  They  were  measured 


Fig.  1,  Cqs  -  Fg  characteristics  before  and  after  stress 
(1.1  C/cm^)  of  D  (full  line)  and  DWD  (diamond)  oxide  of  PC 
capacitors.  Arrows  show  the  different  voltages  Ffb,  F,  be¬ 
fore  and  after  stress. 

at  60°C  in  order  to  increase  the  ramp  rate  (0.1  V/s). 
Before  stress,  both  normalized  characteristics  (D 
and  D/W/D)  are  practically  identical.  After  stress, 
the  characteristics  shift  to  negative  voltage,  which 
indicates  a  creation  of  net  effective  positive  charges 
for  both  gate  oxides.  The  minimum  of  the  quasi¬ 
static  capacitance  is  increased  after  stress  by  nearly 
the  same  amount  for  both  oxides,  which  indicates 
that  the  densities  of  generated  interface  states  are 
quite  similar  after  an  identical  stress.  By  assuming 
that  the  interface  states  are  amphoteric  (acceptor¬ 
like  above  mid-gap,  donor-like  below  mid-gap),  the 
density  of  net  effective  trapped  charges  as  well 
as  the  mean  densities  and  of  acceptor  and 
donor  interface  states  are  given  by,  respectively,  the 
mid-gap,  threshold,  flat-band  voltage  shifts,  in  the 
case  of  P-type  MOS  capacitors. 

The  leakage  current  of  the  junction 
ring/substrate  due  to  the  generation  of  minor¬ 
ity  carriers  by  the  interface  states  is  maximum  when 
the  interface  under  the  gate  is  depleted.  There  is  no 
surface  generation  of  minority  carriers  when  the 
interface  is  strongly  accumulated  or  inverted.  So, 
the  difference  between  the  leakage  currents  meas¬ 
ured  when  the  interface  is  depleted  and  strongly 
inverted  is  proportional  to  the  density  of  interface 
states  located  near  the  mid-gap.  The  difference  be¬ 
tween  the  leakage  currents  measured  when  the  in¬ 
terface  is  strongly  inverted  or  accumulated  depends 
on  the  minority  carrier  lifetime  in  the  substrate  [5]. 
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3.  Experimental  results 

In  Fig.  2,  we  compare  the  probability  distribu¬ 
tions  relative  to  TC  capacitors  having  D  and 
D/W/D  gate  oxides  and  two  different  areas.  The 
gate  is  negatively  biased  so  that  the  interface  is 
strongly  accumulated  and  the  voltage  is  entirely 
applied  to  the  gate  oxide.  More  than  100  capacitors 
having  the  same  area  and  the  same  oxide  were 
tested.  In  the  inset  of  Fig.  2  we  show  that  the 
defectivity  in  the  extrinsic  region  increase  when  the 
area  of  MOS  capacitors  decreases.  This  observa¬ 
tion  can  be  justified  by  more  important  density  of 


Fig.  2.  Distribution  of  Qbd  obtained  by  the  ERCS  method  of 
D  (open  square)  and  DWD  (filled  circle)  oxides  for  two  TC 
capacitor  areas  (T  =  0.61  mm^  and  A  =  0.063  mm^).  In  the  inset 
the  defectivity  /)(10“^  C/cm^)  versus  the  surface  is  plotted  for 
the  two  oxide  types. 


defects  near  the  edges  of  TC  capacitors  which  are 
delimited  by  a  field  oxide.  It  is  well  known  that  the 
bird’s  beak  could  be  a  sink  of  defects  and  contami¬ 
nation.  Intrinsic  breakdown  is  slightly  higher  for 
DWD  than  D  gate  oxide  when  both  oxides  present 
nearly  the  same  defectivities.  This  latter  observa¬ 
tion  was  also  verified  on  PC  capacitors.  In  Table  1, 
which  sums  up  the  results  obtained  with  D  and 
DWD  gate  oxides,  it  can  be  noted  that  the  intrinsic 
breakdown  is  slightly  higher  and  the  defectivity 
(given  for  the  same  :  A  —  0.1  mm^)  is  smaller  for  the 
MOS  capacitors  which  have  been  made  using  the 
complete  process.  These  observations  can  be  justi¬ 
fied  also  to  the  different  periphery  of  the  two  types 
of  capacitors. 

The  net  effective  charge  trapped  in  the  gate  oxide 
after  negative  FN  electron  injections  is  positive  and 
varies  like  log(Qinj/2o)  for  both  types  of  capacitors, 
as  shown  in  Fig.  3,  and  as  found  by  Wolters  and 
Verwey  [6].  The  generation  rate  is  nearly  identical 
for  both  oxides.  It  is  slightly  higher  for  PC  than  for 
TC  capacitors.  The  density  of  effective  trapped 
charges,  is  slightly  higher  for  D  than  DWD 
gate  oxides  for  the  two  types  of  capacitors.  It  can  be 
observed  that  it  is  not  possible  to  measure  the  oxide 
trapped  charge  density  for  TC  capacitors  after  an 
electron  injection  higher  than  10”^  C/cm^,  due  to 
the  very  high  density  of  generated  interface  states. 
In  this  condition,  the  —  Fg  characteristic  is 
nearly  flat  after  stress. 

The  increase  in  generated  interface  states  with 
the  fluence  is  different  for  TC  and  PC  capacitors,  as 
shown  in  Fig.  4.  The  density  of  interface  states 


Table  1 

Principal  characteristics  and  results  of  the  studied  capacitors 


TC  capacitors 

PC  capacitors 

D  DWD 

D 

DWD 

Polysilicon  +  WSi2  silicide 

Polysilicon 

fox  (nm) 

27.0 

28.0 

33.5 

32.3 

N,  (cm-^) 

6x  10‘^ 

6x  10'* 

3x  lO'o 

3.2x  10"’ 

Qbd  ,  atP  =  0.9 

3.2 

5.1 

4.3 

5.8 

£>(Qbd-  10-^C/cm^ 

48 

45 

30 

15 

iVox(10^^cm“^)  at 

Q,„,-  =  0.1C/cm^ 

255  +  5 

240  ±5 

230  ±  5 

218  ±  5 

at 

Qi„j  =0.1C/cm^ 

375  ±  25 

320  ±  20 

23  ±  3 

22  +  2 
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Fig.  3.  Evolution  of  net  effective  trapped  charges  after  success¬ 
ive  10  s  negative  FN  injections  for  each  type  of  capacitor  and 
gate  oxide. 


Fig.  5.  Leakage  current  versus  gate  bias  (gate  controlled  diode 
characteristics)  before  and  after  stress  (Qinj  =  0.32  C/cm^)  of 
D  (full  line)  and  DWD  (diamond)  oxides  of  PC  capacitors. 
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Fig.  4.  Evolution  of  acceptor-like  interface  state  densities 
during  injection  on  TC  and  PC  capacitors  for  D  and  DWD 
oxides. 


iVss  varies  as  with  m  1  for  TC  capacitors  and 
m  ^  0.5  for  PC  capacitors.  is  much  higher  in  TC 
capacitors  than  in  PC  capacitors  particularly  after 
strong  FN  injection.  The  empirical  law  Nss  ^  CPnf 
is  verified  by  previous  results  given  by  DiMaria  et 
al.  in  particular  [7].  The  quasi-linear  variation  of 
Nss  with  Qj„j  is  associated  with  the  process  of  WSi2 
deposition,  as  is  demonstrated  in  another  commun¬ 
ication  [8].  Nss  is  also  slightly  higher  for  D  than  for 
DWD  gate  oxide  in  TC  capacitors,  however  strong 
the  injected  charge  may  be.  For  PC  capacitors,  the 
densities  Nss  are  quasi-identical. 


In  Fig.  5,  we  give  the  variation  of  the  leakage 
current  with  the  gate  bias  (gate  controlled  diode 
characteristics)  determined  on  PC  capacitors  with 
D  and  DWD  gate  oxide,  before  and  after  stress. 
These  characteristics  were  obtained  at  60®C  and 
with  a  reverse  bias  Fr  —  1 V  applied  to  the 
ring.  The  substrate  is  grounded.  Before  stress, 
the  leakage  current  is  identical  for  D  and  for  DWD 
capacitors  if  the  interface  is  strongly  inverted  or 
accumulated,  which  indicates  that  the  type  of  oxi¬ 
dation  has  no  influence  on  the  minority  carrier 
lifetime  in  the  substrate.  The  interfacial  current 
observed  when  the  interface  is  depleted  is  weaker 
for  D  than  for  DWD  capacitors.  In  consequence, 
the  initial  density  of  interface  states  is  slightly  high¬ 
er  in  DWD  capacitors.  After  stress,  the  hump  is 
shifted  to  negative  voltage,  indicating  a  net  genera¬ 
tion  of  positive  charges.  For  the  same  fluence,  the 
shift  is  more  significant  for  D  than  for  DWD 
capacitors,  as  observed  on  the  Cq^  —  Fg  character¬ 
istics  given  in  Fig.  1,  in  accordance  with  the  higher 
density  of  net  effective  trapped  charges  in  D  capaci¬ 
tors  (Fig.  3).  The  maximum  leakage  currents  are 
quasi-identical  for  both  types  of  capacitors,  which 
confirms  that  the  interface  states  are  generated  at 
the  same  rate  in  PC  capacitors  with  D  or  DWD 
gate  oxides  (Fig.  4).  If  the  interface  is  strongly  in¬ 
verted,  the  leakage  current  is  identical  to  the  initial 
current  indicating  that  an  FN  injection  has  no  influ¬ 
ence  on  the  minority  carrier  lifetime  in  the  substrate. 
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The  different  characterizations  have  shown  that 
the  charges  injected  before  intrinsic  breakdown 
measured  with  the  ERCS  method  are  higher  for 
DWD  than  for  D  gate  oxides.  On  the  other  hand, 
the  interface  states  are  generated  at  the  same  rate  in 
both  oxides  for  PC  capacitors.  This  latter  observa¬ 
tion  could  indicate  that  the  densities  of  positive 
charges  trapped  near  the  interface  may  be  identical 
after  a  same  stress  applied  to  D  or  DWD  gate 
oxide.  Indeed,  it  seems  well  admitted  that  the  cre¬ 
ation  of  anomalous  positive  charges  (or  slow  states) 
and  the  generation  of  interface  states  by  FN  injec¬ 
tion  are  correlated  [9].  So,  the  difference  between 
the  densities  of  net  effective  trapped  charges  in  the 
two  oxides  could  be  attributed  to  a  higher  electron 
trapping  in  DWD  oxide  [10].  This  hypothesis  can 
be  justified  by  the  decrease  in  the  gate  current 
during  a  constant  voltage  FN  injection,  the  de¬ 
crease  being  more  important  for  DWD  than  for 
D  oxide.  The  mean  electric  field  applied  for  a  same 
constant  current  FN  injection  is,  at  every  moment, 
higher  for  D  than  for  DWD  capacitors,  which  ex¬ 
plains  why  the  charge  to  intrinsic  breakdown  is 
smaller  [6].  So,  it  is  confirmed  that  the  process 
involving  DWD  oxide  seems  to  improve  the  relia¬ 
bility  of  oxides  for  non-volatile  memories.  It  would 
be  important  to  define  the  optimized  conditions  for 
the  realization  of  dwD  oxides  in  order  to  increase 
the  immunity  to  FN  electron  injections. 

4.  Conclusions 

All  the  results  given  in  this  contribution  confirm 
that  DWD  oxides  possess  a  better  integrity  to 


electron  injections  than  D  oxides  and,  conse¬ 
quently,  they  present  a  better  potential  for  non¬ 
volatile  memories,  even  if  the  initial  density  of 
interface  states  is  slightly  higher.  The  test  capaci¬ 
tors  made  with  the  simplified  process  give  reliable 
results  concerning  the  ability  to  qualify  different 
oxide  processes  even  if  the  polysilicide  step  which  is 
used  involves  a  higher  generation  of  interface 
states. 
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Abstract 

The  thermal  behavior  of  antifusing  device  characteristic  with  Si02/Tio.iWo.9  system  was  investigated.  Amelioration 
and  destruction  of  device  properties  were  found  after  annealing  at  400°C  and  600°C,  respectively.  Through  in  situ  heat 
treatment  at  400°C,  it  was  revealed  that  metallic  tungsten  was  formed  at  the  interface  due  to  decomposition  of  WO3. 
Annealing  above  600°C  induces  decomposition  of  Si02  and  results  in  failure  of  the  antifusing  device  characteristic. 


1.  Introduction 

Metal/dielectric/metal  structure  is  the  most 
probable  candidate  for  an  antifuse  structure  of  field 
programmable  gate  arrays.  This  antifuse  structure 
should  have  low  programming  voltage  and  leakage 
current  in  application  to  very  large  integrated  devi¬ 
ces.  For  this  reason,  application  of  silicon  oxide, 
silicon  nitride,  amorphous  silicon,  silicon  oxynitr¬ 
ide,  and  a  bilayer  of  silicon  oxide/silicon  nitride  to 
intermediate  dielectric  layer  have  been  widely 
studied  [1,2], 

Deposition  of  the  dielectrics  are  usually  per¬ 
formed  by  sputtering  technique,  because  this  tech¬ 
nique  has  several  advantages  such  as  good  ad¬ 
hesion  and  thickness  uniformity  over  large  planar 
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area  [3],  Furthermore,  low  temperature  deposition 
is  preferable  for  avoiding  the  interaction  with  sub¬ 
strate  material  during  the  deposition.  But  for  ob¬ 
taining  an  improved  device  characteristic,  anneal¬ 
ing  after  the  low  temperature  deposition  must  be 
done  for  recovery  of  the  characteristic  of  deposited 
material  and  amelioration  of  the  interfacial  state. 

In  this  study,  X-ray  photoelectron  spectroscopy 
(XPS)  was  used  to  investigate  the  interfacial  reac¬ 
tion  between  Si02  and  Tio.i  W0.9  system  by  prepar¬ 
ing  ultrathin  Si02  layer  to  analyze  the  interface 
without  modifying  the  sample.  To  avoid  the  micro¬ 
contamination  during  the  annealing,  heat  treat¬ 
ment  under  ultra  high  vacuum  (UHV)  was  applied 
within  thermally  stable  temperature  range  of  the 
dielectric.  In  metal/dielectric/metal  system,  atmo¬ 
spheric  impurity  is  not  permissible  by  the  relatively 
thicker  upper  metal  layer,  although  normal  anneal¬ 
ing  treatment  was  used  inside  inert  gas  atmosphere. 
Furthermore,  the  failure  of  device  characteristic 
due  to  the  annealing  process  at  high  temperature 
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has  been  determined  and  explained  from  the  inter¬ 
action  between  dielectric  and  metal. 


2.  Experimental  procedures 

Three  kinds  of  samples  were  prepared.  To  ana¬ 
lyze  the  effect  of  post-anneal  to  IV  characteristics, 
layers  of  Tio.iWo.9  (500  nm  thick)  and  SiO^ 
(14  nm)  thick  were  deposited  successively  on 
a  chemically  cleaned  5-35  Q  cm  (100)  silicon  wafer 
at  room  temperature  by  sputtering  technique.  Fur¬ 
ther  the  samples  were  annealed  for  Ih  at  400"'C  and 
600"C  under  nitrogen  atmosphere,  respectively. 
Aluminum  was  used  as  an  electrode. 

Si02  (3  nm)  /Tio.i  W0.9  (500  nm)  system  was  pre¬ 
pared  for  in  situ  heat  treatment  under  UHV 
(  <  1  X  10"^  torr)  of  XPS.  The  thickness  of  Si02 
film  was  measured  by  transmission  electron 
microscopy  (TEM)  analysis  with  Philips 
CM20T/STEM.  The  operating  voltage  was  200  k  V. 
A  specially  designed  heatable  stub  was  used  for  in 
situ  annealing  from  25''C  to  TOO'^C.  The  sample  was 
heated  for  1  h  and  cooled  down  to  room  temper¬ 
ature  for  XPS  analysis.  The  4  nm  thick  layer  of 
Si02  was  deposited  on  the  chemically  cleaned  sili¬ 
con  substrate  in  order  to  monitor  the  thermal  stab¬ 
ility  of  Si02  under  UHV. 

The  XPS  experiments  were  performed  on  a 
V.G.  Scientific  ESCALAB  200R  spectrometer  using 
Mg  koL  (1253.6  eV)  radiation  operating  at  300  W. 
The  angle  resolved  technique  was  used  for  non¬ 
destructive  depth  profile  analysis.  Narrow  scan 
spectra  of  all  regions  of  interest  were  recorded  in 
order  to  quantify  the  surface  composition  and 
identity  the  elemental  bonding  states  with  pass 
energy  of  20  eV  and  take-off  angles  of  lO"",  50",  and 
90"",  respectively. 


3.  Results 

Fig.  1  represents  IV  characteristics  of  antifuses 
with  Si02/Tio.i  W0.9  system  as  a  function  of  anneal 
temperature.  The  amelioration  of  antifusing  char¬ 
acteristic  due  to  heat  treatment  was  observed. 
1 1.5  V  of  yield  voltage  was  obtained  before  anneal 


Fig.  1.  IV  characteristics  of  antifuses  with  Si02  (14  nm)/ 
Tio.i  Wo. y  system  as  a  function  of  anneal  temperatures.  Lines  are 
drawn  as  guides  for  the  eye. 

but  9.8  V  was  obtained  after  annealing  at  400^C. 
But  with  annealing  above  hOff'C,  the  failure  of 
antifusing  device  characteristic  due  to  the  destruc¬ 
tion  of  dielectric  film  was  observed. 

Fig.  2  shows  a  cross-sectional  TEM  image  of  as- 
deposited  Si02  (3  nm)/Tio.i  Wo.9  system.  About 
13  nm  thick  gold  layer  was  deposited  to  distinguish 
the  Si02  layer  from  epoxy,  which  was  used  for  the 
cross-sectional  TEM  specimen  preparation.  The 
Si02  layer  was  continuous  and  uniform.  The  inter¬ 
face  was  sharply  defined  and  smooth. 

Narrow  scan  spectra  of  W,  Ti,  Si,  and  O  with  lO"" 
to  take-off  angle  are  given  in  Fig.  3.  The  W  4f 
spectrum  can  be  resolved  into  W 1  (W  in  W-Ti),  W2 
(W-O  in  WO2),  and  W3  (W-O  in  WO3).  The  bind¬ 
ing  energy  of  30.6  eV  for  W1  4f7  was  observed  for 
metallic  W.  This  implies  that  no  chemical  shift  is 
present  when  tungsten  binds  to  titanium.  The  Ti  2p 
spectrum  can  be  resolved  into  three  peak  compo¬ 
nents  as  Til  (Ti  in  Ti-W),  Ti2  (Ti-O  in  Ti203 
and/or  Ti305),  and  Ti3  (Ti-O  in  Ti02).  The  pres¬ 
ence  of  the  TiO  component  cannot  be  considered 
because  Ti2p3  shows  the  binding  energy  of 
454.6  eV  in  TiO  [4].  The  binding  energy  of 
103.5  eV  for  Sil  2p  peak  implies  complete  oxidation 
of  silicon.  Oxygen  presents  01  (O  in  O-Ti/W)  and 
02  (O  in  Si02)  bonding  states.  Peak  attributions, 
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Fig.  2.  Cross-sectional  TEM  image  of  as-deposited  Si02  (3  nm)/Tio,iWo.9  system. 


binding  energy,  full  width  at  half  maximum,  and 
percent  of  each  peak  area  are  listed  in  Table  1. 

The  variation  of  chemical  contributions  of  W 
and  Ti  with  take-off  angle  are  presented  in  Fig.  4. 
In  this  configuration,  as  the  angle  increase,  contri¬ 
bution  of  the  surface  bonding  state  to  the  observed 
peak  intensity  decreases.  The  distribution  of  bond¬ 
ings  can  be  determined  from  comparison  of  the 
slope  changes  of  various  bonding  contributions 
with  take-off  angle.  For  tungsten  and  titanium,  it 
was  revealed  that  metallic  form  was  found  under 
the  oxidized  state.  This  implies  that  tungsten  and 
titanium  were  partially  oxidized  at  the  interface 
before  the  anneal. 

Fig.  5  shows  W  4f  (a),  Ti  2p  (b),  Si  2p  (c),  and  Ols 
(d)  photoelectron  spectra  obtained  at  10°  take-off 


angle  after  in  situ  annealing  treatment.  Fig.  6  shows 
the  changes  observed  in  bond  distribution  for  each 
element.  After  annealing  at  400°C,  decrease  of 
WO3,  sharp  increase  of  metallic  W,  and  slight  in¬ 
creases  of  WO2  and  Ti203  (Ti305)  were  observed. 
The  sharp  increase  of  metallic  W  and  Ti,  sharp 
decrease  of  WO3,  and  slight  decrease  of  WO2  and 
Ti02  were  found  at  500°C.  Above  600°C,  Si3  2p 
peaked  at  99  eV  of  binding  energy  appears  due  to 
the  decomposition  of  Si02.  Further  the  appearance 
of  metallic  silicon  induces  partial  formation  of  sili¬ 
con  carbide.  After  the  deposition,  the  sample  was 
exposed  to  air  for  transferring  to  UHV  chamber, 
monolayer  of  carbon  was  always  physisorbed  on 
the  top  of  the  sample.  This  carbon  does  not  reduce 
Si02  but  reacts  with  Si  and  forms  SiC  at  600°C 
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Fig.  3.  Deconvolutions  of  narrow  scan  spectra  for  Si02  (3  nm)/Tio,i  W0.9  system  with  20  eV  of  pass  energy  and  10"  of  take-off  an 
W  4f  (a),  Ti  2p  (b),  Si  2p  (c),  and  O  Is  (d)  (W1  (W-Ti),  W2  (WO2),  W3  (WO3),  Til  (Ti-W),  Ti2  (Ti203  and/or  11305),  Ti3  (Ti02), 
(Si02),  01  (Ti/W  oxides),  and  02  (Si02);  W,  Ti,  W*,  Ti*  correspond  W  4f7,  Ti  2p3,  W  4f5,  and  Ti  2pl,  respectively). 


Table  1 

Decompositions  of  W  4f,  Ti  2P,  Si  2p,  and  O  Is  core  level 
distributions 


Peak  attribution 

Peak  binding 
energy  (eV) 

FWHM 

(eV) 

%  of 

area 

W4f7 

W1  (TiW) 

30.6 

1.42 

33 

W2  (WO2) 

32.8 

1.61 

19 

W3  (WO3) 

35.7 

1.48 

48 

Ti  2p 

Til  (TiW) 

453.9 

1.88 

18 

Ti2  (Ti203,Ti305)  456.0 

1.84 

10 

Ti3  (TiO.) 

459.1 

2.02 

72 

Si  2p 

Sil  (Si02) 

103.5 

1.92 

100 

Ols 

01  (O-Ti,  W) 

531.7 

1.90 

29 

02  (SiO.) 

533.5 

1.89 

71 

Fig.  4.  Take-off  angle  dependencies  of  observed  bonding  species 
(W1  (W-Ti),  W2  (WO2),  W3  (WO3),  Til  (Ti-W),  Ti2  (Ti203 
and/or  Ti305)  and  Ti3  (Ti02)).  Lines  are  drawn  as  guides  for  the 
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Binding  Energy  (cV)  Binding  Energy  (eV) 

Fig.  5.  Changes  of  W  4f  (a),  Ti  2p  (b),  Si  2p  (c),  and  O  Is  (d)  photoelectron  spectra  as  a  function  of  in  situ  anneal  temperature  with  10°  of 
take-off  angle  (W1  (W-Ti),  W2  (WO2),  W3  (WO3),  Til  (Ti-W),  Ti2  (Ti203  and/or  11305),  Ti3  (Ti02),  Sil  (Si02),  Si2  (SiC),  Si3  (Ti/W 
silicides),  01  (Ti/W  oxides),  and  02  (Si02);  W,  Ti,  W*,  Ti*  correspond  W  4f7,  Ti  2p3,  W  4f5,  and  Ti  2pl,  respectively). 


under  UHV  condition  [5].  The  increases  of  metallic 
W,  Ti,  and  Si,  and  decrease  of  Si02  observed  at 
above  600°C,  but  the  other  compositions  were  al¬ 
most  constant. 


Fig.  7  shows  composition  changes  of  bonding 
species  in  Si02  (4  nm)/Si  system  as  a  function  of  in 
situ  annealing  temperature.  Composition  of  oxygen 
slightly  decreases  but  maintains  almost  constant 


154 


H.-H.  Park  et  al.  j  Journal  of  Non-Cfystalline  Solids  187  (1995)  149  155 


Fig.  6.  Changes  of  bond  distribution  for  Si02  (3  nm)/ 
Tio.iWo.9  system  as  a  function  of  in  situ  anneal  temperature 
with  10"  of  take-off  angle  (W1  (W-Ti),  W2  {WO2),  W3  {WO3), 
Ti  1  (Ti-W),  Ti2  (Ti203  and/or  T13O5),  Ti3  (Ti02),  Si  1  (Si02),  Si2 
(SiC),  and  Si3  (Ti/W  silicides);  W,  Ti,  W*,  Ti*  correspond  W  4f7, 
Ti  2p3,  W  4f5,  and  Ti  2pl,  respectively).  Lines  are  drawn  as 
guides  for  the  eye. 

above  400°C.  Formation  of  SiC  was  not  observed 
because  Si02  does  not  decompose. 

4.  Discussion 

Slight  increases  for  all  of  bonding  species  were 
observed  after  annealing  to  200°C.  This  is  due  to 
liberation  of  the  physisorbed  or  chemisorbed  oxy¬ 
gen  on  the  surface.  This  relative  increase  was  main¬ 
tained  at  SOO'^C  but  the  decomposition  of  WO3 
began.  The  amelioration  of  antifusing  device  char¬ 
acteristic  was  observed  after  annealing  at  400°C. 
Annealing  at  this  temperature,  WO3  decomposes 
and  mainly  forms  metallic  tungsten.  This  control¬ 
led  interface  improves  the  device  characteristic.  The 
slightly  increased  Ti02  and  WO2  due  to  the  de¬ 
composition  of  WO3,  also  decompose  at  500°C. 
This  results  in  the  formation  of  elemental  titanium. 
The  increase  of  elemental  states  for  Ti,  W  induces 
the  decomposition  of  Si02.  Above  600°C,  sharp 


Fig.  7.  Composition  change  of  bonding  species  in  Si04 
(4  nm)/Si  system  as  a  function  of  in  situ  anneal  temperature  (Sil 
(Si02),  Si4  (Si  substrate),  and  02  {Si02)).  Lines  are  drawn  as 
guide  for  the  eye. 

decrease  of  Si02  and  sharp  increase  of  metallic 
states  were  observed.  Other  bonding  states  re¬ 
mained  almost  constant.  Through  angle  resolved 
analysis,  this  metallic  silicon  was  revealed  to  be 
found  mainly  under  the  Si02.  The  silicon  may  bind 
with  titanium  and  form  Ti-silicide  because  titanium 
silicide  is  easily  formed  by  annealing  above  500°C. 
Further  negative  heat  of  formation  for  titanium  silic¬ 
ide  is  two  or  three  times  larger  than  that  of  tungsten 
silicide  [6].  By  XPS  analysis,  we  cannot  distinguish 
elemental  silicon  from  Si  in  silicide,  because  they 
have  almost  the  same  binding  energy  of  about  99  eV. 
Antifusing  device  characteristic  of  metal/dielec¬ 
tric/metal  structure  may  be  destroyed  due  to  the 
connection  between  the  upper  and  lower  metal  layers 
by  silicide  channel  after  annealing  at  above  600°C. 


5.  Conclusions 

With  in  situ  anneal  of  Si02  (3  nm)  /Tio.iWo.g 
system  at  300°C  under  UH V  condition,  decomposi¬ 
tion  of  WO3  was  found.  At  400^C,  decrease  of 
WO3,  sharp  increase  of  metallic  W,  and  slight  in¬ 
creases  of  WO2  and  Ti203  (Ti305)  were  observed. 
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The  reduction  and  oxidation  behaviors  induce  the 
controlled  interface  resulted  in  the  amelioration  of 
antifusing  device  characteristic.  At  600°C,  the 
formation  of  metallic  silicon  due  to  the  decomposi¬ 
tion  of  Si02  results  in  the  failure  of  antifusing 
device  characteristic. 
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Abstract 

The  deposition  of  polysilicide  layers  can  contribute  to  the  generation  of  defects  in  gate  or  tunnel  oxides  which  can  have 
a  detrimental  influence  on  the  reliability  of  non-volatile  memories.  Two  processes  of  WSi2  deposition  were  studied.  The 
charge  and  the  interface  state  densities  created  by  Fowler-Nordheim  electron  injections  in  the  gate  oxide,  the  charge 
before  intrinsic  breakdown  and  the  programming  window  degradation  after  erase/write  cycles  of  EEPROM  were 
compared.  The  three  types  of  tests  are  well  correlated. 


1.  Introduction 

The  use  of  a  polysilicide  layer  over  the  polysili¬ 
con  gate  is  being  generalized  to  reduce  the  transis¬ 
tor  gate  resistivity  and,  thus,  the  access  resistance  to 
each  point  of  a  non-volatile  memory.  At  the  same 
time,  present  integrated  circuits  need  very  thin  gate 
and  tunnel  oxides  which  must  keep  their  integrity 
after  strong  cumulated  electron  injections.  So,  it  is 
important  to  study  the  influence  of  the  silicide 
deposition  process  on  the  oxide  defectivity  and  on 
the  gate  oxide  resistance  to  Fowler-Nordheim  elec¬ 
tron  injections. 

In  this  work,  the  degradation  of  gate  oxides  in 
metal-oxide-semiconductor  (MOS)  capacitors  after 
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Fowler-Nordheim  electron  injections  is  studied  by 
using  the  method  of  quasi-static  capacitance  volt¬ 
age  (Cqs  —  Fg),  gate-controlled  diode  (GCD)  and 
exponential  ramp  current  stress  (ERGS)  on  MOS 
test  capacitors.  The  results  are  compared  with  the 
programming  window  degradation  of  electrical 
erasable  programmable  read-only  memory 
(EEPROM)  devices.  It  is  assumed  that  the  results 
obtained  on  MOS  capacitors  can  be  used  to  predict 
the  behavior  of  MOS  transistors  during  stressing. 
Thus,  it  is  very  important  to  understand  the  degra¬ 
dation  mechanisms  which  occur  in  the  capacitors. 

We  compare  the  influence  on  gate  and  tunnel 
oxides  and  on  Si/Si02  interfaces  of  two  processes 
used  for  the  LPCVD  deposition  of  a  WSi2  poly¬ 
silicide  layer. 

The  devices  and  experimental  methods  used 
throughout  this  study  will  be  presented  and 
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described  first.  Then,  the  experimental  results  con¬ 
cerning  the  effects  of  Fowler-Nordheim  electron 
injections  in  gate  oxides  of  MOS  capacitors  and  the 
change  before  breakdown  are  compared  for  both 
processes.  The  programming  window  degradation 
after  erase/write  cycles  of  the  EEPROM  circuits 
which  used  the  two  processes  of  WSia  deposition 
are  presented. 


2.  Devices 

Two  types  of  p-type  MOS  capacitors  (S  and 
DCS)  were  realized  with  the  same  process  as  the 
one  used  for  EEPROM  memories.  The  capacitor 
area  is  0.1  mm^.  A  ring,  which  is  used  for  the 
GCD  characterization,  is  implanted.  The  oxide  was 
grown  in  dry  oxygen  at  950^C  and  its  thickness  was 
planned  to  be  27  nm  at  the  end  of  the  process.  The 
WSi2  layer  {t  ^  250  nm)  was  deposited  by  LPCVD 
on  the  polysilicon  gate  (t  ^  180  nm)  at  430°C  dur¬ 
ing  55  s  using  SiH2Cl2,  WFe  and  Ar  gases  for  DCS 
capacitors  and  at  280°C  during  300  s  using  SiH4, 
WFe  and  Ar  gases  for  S  capacitors  by  Genus  Son¬ 
ny  vale  Application  Laboratory,  USA.  After  the 
usual  passivation,  the  process  concludes  with  an¬ 
nealing  at  420'"C  in  forming  gas  {H2  +  H2). 

We  analyzed  the  two  types  of  capacitors  by 
SIMS.  The  main  difference  is  a  fluorine  concentra¬ 
tion  in  the  gate  oxide  ten  times  higher  with  the 
S  process  than  with  the  DCS  one. 


3.  Experiments 

In  order  to  determine  the  kinetics  of  trapped 
charges  and  generated  interface  states,  we  applied 
successive  negative  Fowler-Nordheim  injections  of 
10  s  each  at  different  constant  currents.  The  densit¬ 
ies  of  effective  trapped  charges  and  of  acceptor-like 
and  donor-like  interface  states  (Nox»  ^2? 

respectively)  were  deduced  from  the  threshold,  mid¬ 
gap  and  flat-band  voltage  shifts  measured  on  quasi¬ 
static  Cqs  —  Vq  characteristics  plotted  before  and 
just  after  each  stress  at  60°C  [1]: 

(i)  the  net  effective  trapped  charge  density,  is 
deduced  from  the  mid-gap  voltage  shift,  AFmg?  by 
the  relation 


(1) 

(ii)  the  generated  acceptor-like  interface  state 
density,  located  in  the  upper-half  band  gap  of 
silicon,  is  given  by 

Nt  =  ^lAVj-AV^cl  (2) 

while  (iii)  the  donor-like  interface  state  density, 
NPs,  located  in  the  lower-half  band  gap,  is  cal¬ 
culated  by 

iV?3=  — [AKmg-AFpb].  (3) 

To  obtain  a  GCD  characteristic,  the  capacitor 
must  have  a  ring  around  it.  The  leakage  current 
of  the  junction  ring/substrate,  due  to  the  gen¬ 
eration  of  minority  carriers  by  the  interface  states, 
is  maximum  when  the  interface  under  the  gate  is 
depleted.  There  is  no  surface  generation  of  minority 
carriers  when  the  interface  is  strongly  accumulated 
or  inverted.  So,  the  difference  between  the  leakage 
currents,  measured  when  the  interface  is  depleted 
and  when  it  is  strongly  inverted,  is  proportional  to 
the  density  of  interface  states  located  near  the  mid- 

gap. 

The  ERCS  method  used  to  determine  the  oxide 
quality  has  several  advantages: 

(a)  it  is  a  time-saving  accelerated  test  (less  than 
10  s  for  each  capacitor  test), 

(b)  it  explores  a  large  Qbd  range  (more  than 
6  orders  of  magnitude), 

(c)  it  is  of  particular  interest  in  the  determination 
of  early  fails, 

(d)  the  oxide  breakdown  is  clearly  revealed. 

The  initial  current  density  is  10“  ^  A/cm^  and  the 

ramp  rate  used  is  0.1  decade/s.  Gate  voltage  read¬ 
ings  are  performed  just  at  the  end  of  each  step.  The 
breakdown  is  reached  when  the  voltage  abruptly 
shuts  down  (Vi  <  0.8 1 ).  The  results  can  be  plot¬ 
ted  on  an  histogram  giving  the  probability  for 
a  capacitor  to  fail  within  [geo  —  0.5,  Qbd  +  0.5]. 

Erase/write  cycling  performances  were  extracted 
for  S  and  DCS  technologies.  Parameters  for  pulse 
shape  definition  were  set  up  in  accordance  with  the 
signal  applied  on  the  memory  array. 
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Qinj  (C/cm^) 


Fig.  1.  Quasi-static  capacitance  and  gate  controlled  diode  char¬ 
acteristics  before  (b.s.)  and  after  (a.s.)  stress  (^j^j  =  0.04  C/cm“) 
of  S  (grey  line)  and  DCS  (black  line)  capacitors  {A  =0.1  mm‘ )  at 
T  =  60"C. 

4  Discussion 

The  oxide  capacitances,  measured  on  S  and  DCS 
capacitors  (Fig.  1),  indicate  that  the  effective  gate 
oxide  thickness  is  higher  in  S  than  in  DCS  capacitors 
(28.5  and  27  nm,  respectively).  Nearly  the  same  differ¬ 
ence  was  observed  between  S  and  DCS  tunnel  oxides 
(10.5  and  9.2  nm,  respectively).  This  difference  may  be 
associated  with  the  fluorine  concentration  measured 
by  SIMS,  which  is  stronger  in  S  than  in  DCS  capaci¬ 
tors:  5  X  10^^  at/cm^  and  5x18  at/cm^  respectively. 

Before  stress,  Cqs  —  Vq  and  GCD  characteristics 
(Fig.  1)  indicate  a  higher  negative  charge  density  in 

5  than  in  DCS  capacitors,  shown  by  a  larger  shift 
towards  positive  gate  bias.  This  could  also  be  asso¬ 
ciated  with  the  higher  flourine  concentration  in  the 
gate  oxide  of  S  capacitors.  A  higher  interface  state 
density  appears  in  DCS  capacitors,  as  shown  by  the 
two  characteristics. 

After  an  identical  stress  (Qi^j  ^  0.04  C/cm^),  the 
Cqs  “  and  GCD  characteristics  clearly  reveal 
a  more  important  generation  of  positive  charges  and 
interface  states  in  S  than  in  DCS  capacitors.  These 
observations  are  fully  confirmed  in  Figs.  2  and 
3  which  give  the  variations  of  and  with 

the  density  of  injected  charges,  Qinj,  during  the  stress. 

These  results  are  in  complete  contradiction  with 
those  obtained  when  fluorine  is  introduced  in  the 
gate  oxide  by  ionic  implantation  and  for  a  simplifi¬ 
ed  aluminium  gate  technology  [2,3].  Our  results 


Fig.  2.  Evolution  of  the  effective  positive  charge  density, 
after  successive  10  s  Fowler-Nordheim  electron  injections  at 
different  constant  currents. 


Qinj  (C/cm^) 


Fig.  3.  Evolution  of  acceptor-like,  and  donor-like,  Njj,  in¬ 
terface  state  densities  after  the  same  injections  than  as  2. 

can  be  justified  if  it  is  assumed  that  the  diffusion  of 
hydrogen,  during  the  WSi2  deposition  and  the 
following  process  steps  (particularly  the  last  an¬ 
nealing  in  forming  gas),  is  enhanced  by  fluorine.  In 
this  condition,  it  can  be  admitted  that  more  posit¬ 
ive  charges  associated  to  hydrogen  and  more  re¬ 
lated  interface  states  were  created  by  electron  injec¬ 
tions  in  S  capacitors.  The  lower  relaxation  rate 
observed  on  S  capacitors  after  stress  under  positive 
gate  bias  can  justify  this  hypothesis. 

Moreover,  it  can  be  noticed  in  Fig.  3,  that  for 
both  types  of  capacitors,  is  slightly  higher  than 
as  usual.  The  generation  rate  of  interface  states 
varies  like  Q^nj  with  m  ^  I  for  S  capacitors  and 
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Qbd  (C/cm^) 


Table  1 

Principal  characteristics  and  results  of  each  studied  capacitors 


S  capacitors  DCS  capacitors 


fox  (nm) 

28.5 

4.4  X  10^^ 

27 

4.15  X  10 

Sbd  (C/cm') 

4-5 

215  ±5 

6 

165  ±2 

(e,„.  =  0.1  C/cm^) 

A?*  (10'‘’cm"^) 

425  ±3 

20  ±2 

(Ginj  =  0.1  C/cm^) 

AT®  (10‘“cm“^) 

195  ±3 

10  +  2 

(Qinj  =  0.1  C/cm^) 

Fig-  4.  Qbd  histogram  for  S  and  DCS  capacitors. 


Fig.  5.  Erase/write  cycles  of  EEPROM  devices:  S  process  {  x ), 
DCS  process  (dots). 

m  ^  0.5  for  DCS  capacitors.  The  law  ^  Qjn] 
was  also  observed  for  MOS  capacitors  with 
a  simple  polysilicon  gate  and  two  types  of  gate 
oxide  (dry  and  dry/wet/dry)  [4]. 

All  these  observations  can  be  correlated  with  those 
obtained  by  the  ERCS  method.  The  histogram  (Fig. 
4)  shows  that  the  charge  breakdown  (2bd)  is  lower  for 
S  capacitors  (4-5  C/cm^)  than  for  DCS  capacitors 
( 6  C/cm^).  This  may  be  justified  by  a  higher  den¬ 
sity  of  electron  traps  associated  with  fluorine  and  by 
a  higher  density  of  hydrogen  in  S  capacitors  [5]. 

Fig.  5  gives  the  comparison  of  the  degradation 
with  the  number  of  erase/write  cycles  of  the  pro¬ 
gramming  window  measure  on  EEPROM  devices 
made  by  means  of  the  two  technologies.  An  impor¬ 


tant  degradation  is  observed  for  the  S  process 
memories  and  can  also  be  correlated  with  the 
previous  results. 

The  principal  results  obtained  on  S  and  DCS 
capacitors  are  resumed  in  Table  1. 

All  these  characterizations  indicate  that  the  use 
of  the  DCS  process  for  the  WSi2  layer  deposition 
leads  to  the  improvement  of  the  integrity  and  fiabil- 
ity  of  gate  and  tunnel  oxides  in  MOS  capacitors 
and  non-volatile  memories. 

5.  Conclusion 

All  the  results  obtained  for  this  study  show  that 
the  DCS  process  for  the  WSi2  polysilicide  gate 
deposition  gives  a  better  oxide  integrity  to  electron 
injections  even  if  the  initial  density  of  interface 
states  is  slightly  higher.  We  have  also  obtained 
a  good  correlation  between  the  results  obtained  for 
MOS  capacitors  and  for  non-volatile  memories. 
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Abstract 

In  this  work,  the  effects  of  the  degradation  generated  by  homogeneous  hot-electron  injection  in  a  one-dimensional 
model  of  current-voltage  characteristics  for  short-channel  MOSFETs  are  introduced.  A  distributed  charge  model, 
implemented  in  the  SABER  simulator  is  used.  Simulation  results  obtained  for  n-MOS  transistors  demonstrate  good 
agreement  with  the  experimental  data  for  interface  state  density  inferior  to  3  x  10^ ^  cm^^eV  h  The  samples  are 
degraded  by  homogeneous  electron  photoinjection  and  the  interface  trap  density  is  performed  by  the  pumping  charge 
method. 


1.  Introduction 

As  short-channel  MOS  transistors  are  extensiv¬ 
ely  used  in  integrated  circuits  and  systems  and  as 
the  density  of  VLSI  chips  increases  with  shrinking 
design  rules,  long-term  reliability  of  MOS  circuits 
becomes  a  more  important  issue.  The  hot-carrier- 
induced  degradation  of  MOS  transistor  character¬ 
istics  is  one  of  the  primary  mechanisms  affecting  the 
long-term  reliability  of  MOS  VLSI  circuits.  In 
short-channel  MOSFETs,  it  is  well  known  [1-6] 
that  generation  of  defects  at  the  Si-Si02  interface 
and  oxide  charge  trapping  can  be  caused  by  hot- 
carrier  injection.  Taking  into  account  the  degrada¬ 
tion  in  device  simulations  is  a  necessity  for  accurate 
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prediction  of  the  long-term  reliability  character¬ 
istics.  But  the  more  powerful  approach  used  to 
reach  this  goal  is  the  development  of  two-  or  three- 
dimensional  device  simulation  programs  which, 
however,  are  very  time  consuming.  The  latter 
requirement  leads  to  interest  in  developing  a 
one-dimensional  pseudoanalytical  short-channel 
MOSFET  model. 

The  purpose  of  this  paper  is  to  compare  experi¬ 
mental  and  simulated  current-voltage  (1-V)  char¬ 
acteristics  of  n-MOS  transistors  uniformly  de¬ 
graded  over  the  entire  channel  region.  In  our  model 
the  channel  is  divided  into  cells;  in  each  of  them,  the 
charge  neutrality  condition  is  applied.  The  model 
describes  the  device  characteristics  in  all  of  the 
operating  regimes  without  introducing  discontinui¬ 
ties  in  the  drain  current  with  respect  to  bias  volt¬ 
ages.  The  accuracy  of  the  model  is  demonstrated 
with  a  complete  characterization. 
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2.  Experimental 

2.1.  Samples 

Devices  used  in  this  investigation  were  fabricated 
on  <10  0>  P‘type  silicon  substrate  in  a  conven¬ 
tional  n-well  CMOS  technology.  The  transistors 
have  a  channel  width  of  50  pm,  an  effective  channel 
length  Lgff  of  1.5  pm  and  a  gate  thermal  oxide 
thickness  of  40  nm. 

2.2.  Homogeneous  degradation 

To  realize  hot  electron  (HE)  degradation  and 
control  current  flow  through  the  oxide  layer  inde¬ 
pendently  from  the  applied  field,  optically  induced 
HE  injection  was  performed  from  Si  substrate.  This 
method  was  used  for  the  first  time  by  Ning  et  al. 
[7].  The  substrate  is  biased  in  inversion;  the  photo¬ 
electrons  created  in  the  substrate  by  a  monochro¬ 
matic  light  are  accelerated  towards  the  Si-Si02 
interface  by  the  space  charge  region  electric  field. 
A  small  fraction  of  them  gain  enough  energy  to  be 
injected  into  the  gate  oxide,  biased  positively  [8]. 
The  injected  oxide  charge  density  (Ninj)  is  deduced 
from  the  gate  current. 

2.5.  Charge  pumping  measurements 

The  average  density  of  generated  interface  traps 
Z)it  has  been  extracted  from  charge  pumping  (CP) 
measurements  [9,10].  is  deduced  from  the 
charge  pumping  current  /cp  which  is  given  by  [11]: 

Dii  Aij/sfA,  where  Aij/s  is  the  surface  poten¬ 
tial  swept  during  charge  pumping,  A  is  the  channel 
area,  /  is  the  signal  frequency  and  q  the  elementary 
charge. 

2.4.  Results 

Figs.  1  and  2  show  the  /cp  curves  for  three  differ¬ 
ent  injected  charges  From  Fig.  1,  we  deduce 
the  densities  Djt  which  are  given  in  Table  1.  The 
plateaus  show  good  homogeneity  of  the  interface 
trap  density  along  the  channel.  From  the  nor¬ 
malized  curves  Icp/hp  max  (Fig.  2)  we  deduce:  first. 


-10  -9  -8  -7  -6  -5  -4  -3  -2-10  1 

VGL  (V) 

Fig.  1.  Charge  pumping  current  as  a  function  of  the  low- 
level  gate  pulse  different  injected  charges  N.^.  (see 

Table  1).  The  stress  conditions  of  the  transistor  were  =  24  V 
and  Fgs  =  -  15  V. 
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Fig.  2.  Normalized  charge  pumping  current 
a  function  of  the  low-level  gate  pulse  F^.^  for  different  injected 
charges  (see  Table  1).  The  stress  conditions  are  the  same  as 
in  Fig.  1. 


Table  1 

Injected  charge  densities  and  average  densities  of  interface  traps 
for  three  successive  degradations 


Curve 

^eV  f 

a 

0 

2.6  X  10’ 

b 

2x10*^ 

1.35  X  10” 

c 

3x  10’’ 

2.78x10” 

d 

3.75  X  10” 

4.37x10” 
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the  flat  band  voltage  Fpe,  which  is  given  by 
the  right  trailing  edge  [12],  increases  with 
the  degradation,  indicating  an  increase  of  acceptor- 
type  interface  traps  with  degradation,  and  second, 
because  there  is  no  noticeable  shift  of  the  curves 
with  the  degradation,  we  conclude  that 
the  oxide  trapped  charge  density  (N^i)  is  very 
small  and  we  have  therefore  neglected  it  in  the 
simulation. 


3.  The  DCM  model  of  the  MOS  transistor 


3.7.  Description 

With  the  distributed  charge  model  (DCM) 
[13,14],  we  can  simulate  the  electrical  character¬ 
istics  of  the  MOS  transistor.  It  is  a  charge  sheet 
model  [15]  based  on  the  charge  neutrality  condi¬ 
tion.  The  channel  is  divided  into  several  cells,  like  in 
Wang’s  model  [16].  The  charge  is  zero  in  each  cell 
(Fig.  3)  and  we  can  write:  ggj  -h  2bi  + 
Qci  +  Qoii  +  Qxii  =  0,  where  Qg,-  is  the  gate  charge, 
Cbi  the  bulk  charge,  Qci  the  inversion  channel 
charge,  got/  the  oxide-trapped  charge  and  Qit/  the 
interface-trapped  charge  in  the  cell  i.  Thus,  we  can 
calculate,  in  every  cell,  the  surface  potential  and 
then  deduce  the  other  electrical  quantities  along  the 
channel.  We  use  a  number  of  10  cells  which  is 
a  good  compromise  between  time  consuming  and 
accuracy. 

3.2.  Modeling  of  the  degradation  effects 


Fig.  3.  Schematic  of  the  distributed  charge  model  (DCM) 
of  the  transistor  along  the  channel,  with  the  different  charges  in 
a  cell  i. 


If  we  consider  that  the  generated  interface  traps 
are  acceptor  type,  the  flat-band  potential  Ffb  is 
given  by 

=  F,.  -  2  -  7  ^  +  5;  , 

^OX 

where  y  is  the  body  factor,  V^q  the  initial  threshold 
voltage  (before  degradation),  the  Fermi-poten¬ 
tial,  Cox  the  oxide  capacitance  per  area  and  the 
band-gap  energy. 

In  inversion,  the  interface-trapped  charge  in 
a  cell  i,  is 


Qai  = 


-  K) 

Cox 


A  very  important  effect  of  the  buildup  of  inter¬ 
face  traps  is  mobility  degradation.  Initial  works 
[17,18]  suggested  that  reductions  in  mobility  were 
due  to  increased  lattice  and  Coulomb  scattering  by 
charged  interface  traps  and  that  the  average  surface 
mobility  was  proportional  to  1/0^.  We  have  used 
for  the  mobility  p  at  low  voltage,  the  empirical 
relationship  of  Galloway  et  al.  [19]:  p  =  p^/ 
(1  -f  0  ADii),  where  AD^  =  and  and 

Po,  respectively,  the  average  density  of  interface 
traps  and  the  mobility  at  low  voltage  before  degra¬ 
dation,  and  0  is  a  mobility  degradation  parameter 
optimized  by  simulation. 


with  ipsi  the  surface  potential  and  the  potential  in 
the  channel  in  a  cell  i,  so  we  can  write 

^Si  =  f^GS  ~  fpB 


Cth  exp 


-  qDii 


-  Vj 
Cox 


with  Cth  the  thermodynamic  potential  and  Vqs  the 
gate  voltage. 
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Fig.  4.  /p-Fjjg  characteristics  for  different  gate  voltages  for  the  (a)  non-degraded  transistor  (see  sample  a  in  Table  1).  Crosses  are 
experimental  points  while  lines  are  simulation  curves;  (b)  degraded  transistor  {D.^  =  1.35  x  10^^  cm"^eV"^;  see  sample  b  in  Table  1). 
Crosses  are  experimental  points  while  lines  are  simulation  curves;  (c)  degraded  transistor  (Dj,  =  2.78  x  10^  ^  cm“^eV"  see  sample  c  in 
Table  1).  Crosses  are  experimental  points  while  lines  are  simulation  curves;  (d)  degraded  transistor  (£).j  =  4.37  x  10^^  cm"^eV“  see 
sample  d  in  Table  1).  Crosses  are  experimental  points  while  lines  are  simulation  curves. 


4.  Simulation  results 

The  DCM  model  has  been  implemented  in  the 
simulator  SABER.  The  parameters  of  the  non-de- 
graded  transistor  have  been  extracted  by  the  char¬ 
acterisation  software  IC-CAP  coupled  with  the 
simulator  SABER,  by  using  the  I~V  measurements 
performed  with  an  HP4145B  semiconductor-para¬ 
meter  analyzer. 

Figs.  4  and  5  show  the  experimental  and 
simulated  curves  for  three  different  injected  charges 
given  in  Table  1.  Fig.  4(a)  corresponds  to  a  non- 
degraded  sample.  For  the  degraded  samples 


(Figs.  4(b)-(d)),  we  observe  that  the  degradation  is 
correctly  modeled  for  Du  less  than  about 
3x  10^^  cm“^eV“\This  can  be  seen  also  in  Ib-Vq 
curves  of  the  Fig.  5. 

5.  Conclusions 

In  this  paper,  an  accurate  one-dimensional  de¬ 
vice  model  has  been  presented  for  the  simulation  of 
short-channel  nMOS  transistors  with  homogene¬ 
ous  hot-carrier  degradation.  This  model  was 
validated  for  interface  trap  density  less  than 
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Fig.  5.  characteristics  for  a  drain  voltage  Fj^5  =  0.1  V 

before  (a)  and  after  (b-d)  hot  electron  degradation  (see  Table  1). 
Crosses  are  experimental  points  while  lines  are  simulation  curves. 

3x  10^^  cm”^eV”^  For  strong  degradation  there 
is  a  weak  disagreement  and  this  perhaps  can  be 
corrected  if  we  take  into  account  the  buildup  of  the 
oxide  trapped  charge  density. 

This  model  is  based  on  physical  model  and  do 
not  necessitate  empirical  parameters.  Beside  pre¬ 
vious  works,  our  model  allows  to  simulate  all  the 
electrical  quantities  along  the  channel  (surface  po¬ 
tential,  electric  fields,  electric  charges,  etc.). 

Another  advantage  of  this  model  is  to  allow  the 
study  of  inhomogeneous  degradation  in  introduc¬ 
ing  in  cells  near  the  drain,  the  oxide  damage  by 
using  a  realistic  density  distribution. 
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Abstract 

Interface  traps  near  the  Si-Si02  interface  induced  by  hole  trapping  alone  are  reported.  It  is  found  that  interface  traps 
are  generated  directly  due  to  the  presence  of  trapped  holes  in  metal-oxide-semiconductor  devices,  and  that  the  loss  of 
trapped  holes  due  to  annihilation  by  electron  injection  is  accompanied  by  a  reduction  of  interface  traps.  This  observation 
is  distinct  from  previous  reports  of  a  ‘conversion’  of  trapped  holes  to  interface  traps  or  a  process  of  interface  trap 
generation  in  which  the  presence  of  trapped  holes  is  required  in  an  intermediate  step.  It  is  shown  that  the  origin  of  these 
interface  traps  is  not  the  center,  nor  a  recombination  center  in  general;  thus  the  phenomenon  may  help  to  explain  the 
discrepancy  between  the  density  of  electrically  measured  interface  traps  and  Pj,  center  densities  measured  using  electron 
paramagnetic  resonance. 


1.  Introduction 

Interface  traps  at  the  Si-Si02  interface  in  metal- 
oxide  semiconductor  (MOS)  devices  have  been 
extensively  investigated  for  improving  device  relia¬ 
bility.  For  example,  mobility  degradation  and  thre¬ 
shold  voltage  shifts  are  known  to  be  caused  by 
electron  trapping  at  the  Si-Si02  interface.  Further, 
it  has  been  recently  suggested  that  interface-trap 
creation  by  hot  electrons  and  by  trapped  holes 
during  device  operation  will  eventually  lead  to  de¬ 
structive  breakdown  of  the  Si02  [1].  Consequently, 
understanding  and  control  of  these  defects  have 
been  at  the  core  of  research  among  semiconductor 
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interface  specialists,  and  represent  a  critical  step  in 
the  fabrication  of  integrated  circuits. 

Interface  traps  play  a  central  role  in  the  degrada¬ 
tion  and  breakdown  of  the  Si-Si02  interface.  They 
are  generated  during  electrical  stress  by  both  hot 
electron-related  mechanisms  [1]  and  by  trapped 
hole-related  mechanisms  [2,3].  During  Fowler- 
Nordheim  tunnel  (FNT)  injection,  for  example,  elec¬ 
trons  with  energy  greater  than  about  2  eV  above  the 
Si02  conduction  band  edge  cause  the  release  of 
hydrogen  at  the  anodic  interface.  The  hydrogen  then 
diffuses  to  the  cathodic  interface  where  it  is  believed 
to  depassivate  =Si~H  bonds,  leaving  dangling- 
bond  defects.  This  process  takes  place  at  the  Si-Si02 
interface  if  electrons  are  injected  from  the  Si  substra¬ 
te.  However,  substantial  hydrogen  release  is  ob¬ 
served  only  after  a  threshold  electron  injection 
fluence  of  approximately  0.001  C/cm^. 


0022-3093/95/$09.50  ©  1995  Elsevier  Science  B.V.  All  rights  reserved 
SSDI  0022-3093(95)00131-X 


166 


Y.  Roh  et  al.  j  Journal  of  Non-Ctystalliue  Solids  1 87  (1995)  165  169 


The  trapped  hole  is  also  known  to  create  interface 
traps  indirectly.  Specifically,  it  can  serve  as  a  crack¬ 
ing  site  for  hydrogen,  thereby  generating  which 
will  drift  to  the  Si-Si02  interface  under  positive  gate 
bias  and  depassivate  =Si-H  bonds  after  capturing 
an  electron  at  the  interface  [3].  It  has  also  been 
shown  that  annihilation  of  trapped  holes  via  recom¬ 
bination  with  electrons  introduced  using  photoinjec¬ 
tion  at  low  electric  fields  generates  interface  traps  in 
Al-gate  MOS  capacitors  [2].  The  mechanism  of  trap 
generation  is  believed  to  involve  the  release  and/or 
dissociation  of  hydrogen  by  energy  released  in 
the  recombination  event;  the  hydrogen  then  forms 
interface  traps  via  a  depassivation  process. 

In  many  cases  following  hot  carrier  or  radiation 
damage  processes,  the  energy  distribution  of  inter¬ 
face  traps  (DjJ  in  the  Si  band  gap  shows  a  peak  at 
0.8  eV  above  the  valence  band  edge.  This  peak  is 
frequently  observed  when  is  obtained  from 
capacitance-voltage  measurements,  and  is  often 
regarded  as  being  due  to  the  center,  or  more 
generally,  to  a  dangling  bond  defect.  In  FNT  and 
hole  annihilation  experiments  described  above, 
electrically  measured  interface  trap  spectra  show 
such  a  peak.  However,  it  is  not  always  true  that 
electrically  measured  interface  defects  can  be 
assigned  to  Pt  centers.  Several  cases  involving  hot 
electron  damage  have  been  reported  in  which  inter¬ 
face  states  have  been  observed  electrically  but  epr 
experiments  do  not  show  Pb-like  signals  [4,5]. 

In  this  work,  we  report  interface  traps  near  the 
Si-Si02  interface  induced  by  hole  trapping  directly. 
We  find  that  interface  traps  are  generated  due  only 
to  the  presence  of  trapped  holes  in  MOS  devices, 
and  that  the  loss  of  trapped  holes  by  annihilation 
with  injected  electrons  is  accompanied  by  a  reduc¬ 
tion  of  interface  traps. 

2.  Experimental  details 

Polycrystalline-silicon  (poly-Si)  gate  MOSCs 
and  MOSFETs  were  used  in  this  work.  The  gate 
oxides  for  MOSCs  were  grown  on  n-type  (100) 
0.1  Q  cm  Si  wafers  at^  1000°C,  resulting  in  an 
oxide  thickness  of  675  A  and  with  a  gate  area  of 
1  X  10~^-1  X  10“^  cm^.  Details  of  the  fabrication 
process  have  been  discussed  in  a  previous  publica¬ 


tion  [6].  Data  on  MOSFETs  were  obtained  on 
n-channel  devices  with  an  oxide  thickness  of  245  A. 
Hole  trapping  was  performed  using  avalanche  hole 
injection  (AHI)  and  FNT  injection  for  MOSCs  and 
MOSFETs,  respectively.  The  average  current  den¬ 
sity  for  AHI  was  1.9  x  10“^  A/cm^  with  various 
injection  fluences.  Holes  previously  trapped  in  the 
oxide  were  annihilated  using  either  FNT  injection 
or  substrate  hot  electron  injection  (SHE)  to  explore 
the  consequences  of  removing  trapped  holes.  High 
frequency  (HF)  and  quasi-static  (QS)  capacitance- 
voltage  (C-V)  techniques  were  used  to  measure 
Dit  in  MOSCs.  Charge  pumping  (CP)  and  HF  C-V 
techniques  were  used  to  measure  the  densities  of 
trapped  holes  and  interface  states  in  MOSFETs 
[6].  The  possibility  that  lateral  nonuniformities 
(LNU)  were  responsible  for  experimental  artifacts 
mimicking  interface  traps  was  investigated  using 
a  procedure  described  by  Brews  and  Lopez  [7], 
Finally,  possible  contributions  to  from  anomal¬ 
ous  positive  charge  (APC)  were  investigated. 

3.  Results 

Hole  trapping  and  interface  trap  generation  in 
MOSCs  are  illustrated  in  Fig.  1.  In  Fig.  1(a),  the 
C-V  curves  are  shifted  in  the  direction  of  negative 
voltage  after  AHI  (thick,  unbroken  lines),  indicat¬ 
ing  that  hole  trapping  has  occurred.  In  addition, 
interface  traps  are  induced  by  AHI  as  is  clear  from 
the  QS  C-V  curve  and  from  the  corresponding 
Dit  spectrum  in  Fig.  1(b).  Annihilation  of  trapped 
holes  using  FNT  electron  injection  from  the  gate 
electrode  to  a  fluence  of  8  x  10“^  C/cm^  results  not 
only  in  a  shift  of  the  C-V  curves  in  the  direction  of 
positive  voltage  (dashed  lines),  but  also  in  recovery 
of  the  QS  C-V  curve  to  nearly  its  original  shape. 
The  corresponding  spectrum  shows  that  most 
interface  traps  have  been  removed. 

The  fluence  used  for  FNT  electron  injection  in 
Fig.  1  was  not  sufficient  to  initiate  interface  trap 
creation  by  hydrogen,  but  was  enough  for  both 
impact  ionization  [1]  and  electron-hole  recombi¬ 
nation  [2].  Fig.  1(a)  indicates  only  a  partial  annihi¬ 
lation  to  a  steady-state  density  of  trapped  holes  due 
to  the  competing  effects  of  electron-hole  recombi¬ 
nation  and  impact  ionization. 
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Gate  Voltage  (V) 


Fig.  1.  (a)  Reversible  interface  traps  induced  by  hole  trapping 
in  MOSCs:  (a)  HF/QS  C-V  curves  before  (solid  line)  and  after 
(thick  solid  line)  AHI  to  a  trapped  hole  fluence  of 
3  X  10“^  C/cm”^.  Trapped  holes  are  annihilated  using  FNT 
electron  injection  from  the  gate  electrode  to  an  injection  fluence 
of  SxlO^'^C/cm^  (thick  broken  line),  (b)  derived  from 
Fig.  1(a). 


Generation  of  trapped  holes  and  interface  traps 
during  11  MV/cm  FNT  electron  injection  on 
n  channel  MOSFETs  is  shown  in  Fig.  2.  The  gen¬ 
eration  of  interface  traps  (open  circles)  tracks  that 
of  trapped  holes  (open  inverted  triangles);  both 
charge  species  were  monitored  using  C-V  tech¬ 
niques,  as  indicated  on  the  figure  by  (C-V).  In 
agreement  with  the  results  of  Fig.  1,  interface  states 
disappear  after  total  annihilation  of  the  trapped 
hole  distribution  using  SHE  injection  (solid  circles). 
Most  interestingly,  interface  traps  generated  at 
fluences  less  than  0.01  C/cm^  are  detected  in 
substantially  fewer  numbers  using  CP  techniques 


INJECTED  CHARGE  (Coul/cm^) 


Fig.  2.  Number  of  interface  states  and  trapped  positive 
charge  N^  generated  during  high  field  stress  (11  MV/cm)  as 
a  function  of  injected  electron  fluence  determined  using  C-V 
and  CP  techniques.  The  curves  labeled  ‘dischrg.’  correspond  to 
the  number  of  interface  states  remaining  after  total  annihilation 
of  the  trapped  holes  using  SHE  at  low  field  (1.5  MV/cm)  and 
fluence  (1  x  10“^  C/cm^). 

(open  squares).  Charge  pumping  is  sensitive  to  the 
capture  cross  section  of  interface  traps  and,  in  fact, 
measures  recombination  currents  at  the  defect 
center.  On  the  other  hand,  C-V  techniques  are 
dependent  only  on  the  charge  states  of  the  defect. 
The  discrepancy  in  the  number  of  interface  traps 
detected  using  these  techniques  thus  suggests  that 
the  hole  induced  interface  trap  is  not  a  recombina¬ 
tion  center.  At  fluences  beyond  0.01  C/cm^,  how¬ 
ever,  CP  and  C-V  measurements  detect  equal 
densities  of  interface  traps.  In  this  fluence  range, 
interface  trap  creation  is  dominated  by  hydrogen 
diffusion;  at  least  some  component  of  traps  gener¬ 
ated  by  this  mechanism  is  evidently  due  to  the 
Pbo  center  [4],  which  is  a  recombination  center  and 
therefore  detectable  by  CP  techniques.  Note  also 
that  following  hole  annihilation,  C-V  and  CP  tech¬ 
niques  detect  the  same  density  of  interface  traps  at 
all  injection  fluences. 

4.  Discussion 

4.L  Nature  of  interface  traps  induced  by  hole 
trapping 

An  important  result  of  the  present  work  is 
that  interface  traps  induced  by  hole  trapping,  as 
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illustrated  in  Fig.  1,  are  not  due  to  Pb  centers. 
Spectral  features  of  the  defects  observed  here  are 
decidedly  different  from  the  doubly  peaked  struc¬ 
ture  of  the  Pb  center  as  observed  on  as-grown 
samples  [8].  The  spectra  observed  in  Fig.  1  are 
also  clearly  different  from  the  ubiquitous  0.8  eV 
peak  observed  following  FNT  injection  and  radi¬ 
ation  damage;  this  peak,  as  we  have  suggested, 
may  or  may  not  be  related  to  the  Pb  center. 
Additionally,  although  interface  trap  peaks  in  Al 
gate  MOSCs  have  been  reported  to  develop  over 
time  after  AHI  has  stopped  [9],  we  observe  no 
such  development  in  the  present  spectra.  We  have, 
however,  observed  the  0.8  eV  peak  following  sub¬ 
strate  FNT  injection  in  our  samples,  demonstrating 
that  the  failure  to  develop  a  peak  is  not  sample 
dependent. 

The  discrepancy  in  the  measured  density  of  inter¬ 
face  traps  observed  by  CP  and  by  C~V  (see  Fig.  2) 
is  quite  interesting,  and  demonstrates  that  the  hole 
induced  interface  traps  observed  here  are  not  re¬ 
combination  centers,  or  else  that  their  interaction 
with  the  substrate  is  too  slow  to  be  detected  using 
CP.  This  assertion  is  supported  by  recent  work  by 
Stathis  and  DiMaria  monitoring  interface  trap  gen¬ 
eration  in  MOSFETs  during  hot  electron  injection 
using  spin-dependent  recombination  (SDR)  [4], 
which  is  also  sensitive  to  recombination  currents  at 
the  defect  site.  In  that  work,  hot  electron  injection 
at  fluences  less  than  0.001  C/cm^  resulted  in  inter¬ 
face  traps  which  were  observed  using  C-V  tech¬ 
niques  but  not  using  SDR.  Hot  electron  injection 
generates  holes  via  impact  ionization;  the  holes  are 
subsequently  trapped  at  the  Si-Si02  interface  and, 
we  suggest,  induce  defect  states  having  the  energy 
distribution  seen  in  Fig.  1.  In  Ref.  [4]  an  SDR 
signal  was  observed,  however,  for  fluences  larger 
than  0.001  C/cm^.  In  this  fluence  range,  interface 
trap  generation  is  dominated  by  depassivation  of 
Si-H  bonds  by  hydrogen,  resulting  in  interface 
traps  which  were  identified  as  the  Pbo  variation  of 
the  Pb  center. 

We  note  that  similar  effects  have  been  observed 
following  radiation  damage  [10].  In  these  studies, 
near-interface  oxide  traps  (referred  to  as  'border 
traps’)  were  detected  using  current-voltage  tech¬ 
niques  but  not  using  CP.  In  addition,  changes 
in  oxide  charge  were  observed  to  correlate  with 


changes  in  interface  trap  density  in  a  manner  con¬ 
sistent  with  our  observations.  It  is  thus  reasonable 
to  suggest  that  defects  observed  here  are  similar  in 
nature  to  those  observed  in  the  radiation  work,  and 
may  be  properly  categorized  as  border  traps. 

It  is  well  known  that  lateral  non-uniformities  in 
the  density  of  trapped  charge  (LNU)  can  mimic  the 
presence  of  interface  traps.  To  explore  this  as  a  pos¬ 
sible  cause  of  apparent  interface  traps  in  our  sam¬ 
ples,  we  examined  our  HF  C-V  data  using 
a  method  suggested  by  Brews  and  Lopez  [7].  In 
this  method,  the  surface  potential,  0,  is  plotted  as 
a  function  of  substrate  depletion  depth,  w,  for  the 
MOS  capacitor  before  and  after  AHI.  Because  the 
depletion  depth  is  uniquely  determined  by  the  sub¬ 
strate  dopant  distribution  which  is  invariant,  chan¬ 
ges  in  w  as  a  function  of  </)  following  AHI  suggest 
the  presence  of  lateral  nonuniformities.  Application 
of  this  test  to  our  samples  reveals  little  difference  in 
the  (j)  —  vv  curves,  suggesting  very  little  contribu¬ 
tion  to  interface  trap  spectra  from  LNU.  In  addi¬ 
tion,  comparison  of  charge  densities  detected  using 
C-V  and  current-sensing  techniques  have  been 
made  on  MOSFETs.  These  comparisons  show  sim¬ 
ilar  results,  again  suggesting  that  lateral  nonunifor¬ 
mities  are  not  present  in  substantial  quantities. 

We  also  investigated  a  possible  contribution  to 
Oil  from  APC  by  the  monitoring  flatband  voltage 
(f^fb)  of  injected  MOS  capacitors  as  a  function  of 
time  under  an  applied  bias  of  alternating  sign;  this 
test  for  APC  is  described  in  Ref.  [9].  We  find  no 
evidence  of  APC  generation  in  our  samples  follow¬ 
ing  AHI. 

4,2.  Interface-trap  generation  mechanisms 

Trapped  holes  have  been  reported  to  play  a  role 
in  interface  trap  generation  either  by  serving  as 
a  cracking  site  or  via  electron-hole  recombination. 
The  result  of  the  former  process  is  predicted  to  be 
a  dangling  bond  defect  which  may  be  related  to  the 
Pb  center,  but  at  least  is  expected  to  be  a  recombi¬ 
nation  center.  Ref.  [4]  shows  that  electron-hole 
recombination  does  not  produce  an  SDR  signal 
and  is  thus  not  a  recombination  center,  but  other 
work  has  shown  that  the  process  results  in  the 
0.8  eV  peak  [2].  Finally,  the  disappearance  of 
interface  traps  on  removal  of  trapped  holes  is  not 
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consistent  with  either  the  hydrogen  cracking  or 
electron-hole  recombination  mechanisms.  Thus  we 
are  led  to  conclude  that  a  different  mechanism  leads 
to  the  interface  trap  spectra  observed  in  Fig.  1. 
We  suggest  instead  that  interface  traps  are  created 
as  a  direct  result  of  the  presence  of  trapped  holes, 
and  are  removed  along  with  them.  We  do  not  know 
the  microscopic  identify  of  such  interface  traps  at 
present. 

5.  Conclusions 

We  report  interface  traps  near  the  Si-Si02  inter¬ 
face  induced  by  hole  trapping  alone.  We  find  that 
interface  traps  are  generated  directly  due  to  the 
presence  of  trapped  holes  in  MOS  devices,  and  that 
the  loss  of  trapped  holes  due  to  annihilation  by 
electron  injection  is  accompanied  by  a  reduction  of 
interface  traps.  We  do  not  believe  the  origin  of  these 
interface  traps  to  be  Pb  centers.  More  generally,  we 
find  that  these  traps  are  not  recombination  centers; 
thus  the  phenomenon  may  help  to  explain  the 
discrepancy  between  the  density  of  electrically 
measured  interface  traps  and  Pb  center  densities 
measured  using  EPR.  The  underlying  mechanism(s) 
for  the  current  observations  are  still  unknown,  but 


there  has  been  further  understanding  of  interface 
trap  generation  mechanisms  in  terms  of  hot  carriers 
involved  in  electrical  stressing. 
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Abstract 

Charge  trapping  after  X-ray  irradiation  has  been  studied  in  various  materials,  such  as  thermally  grown  Si02, 
ion-implanted  Si02  (SIMOX  process),  and  yttria  stabilized  zirconia  (YSZ).  The  charge  trapping  characteristics  are 
investigated  by  studying  both  the  dose  and  applied  field  dependences.  The  results  show  a  significant  difference  between 
X-ray  radiation  response  of  YSZ  and  Si02-based  materials.  Both  hole  and  electron  trapping  occur  in  YSZ  in  a  nearly 
symmetrical  manner,  even  after  a  low  dose  irradiation.  In  Si02-based  samples,  hole  trapping  is  dominant,  although 
electron  trapping  is  observed  in  SIMOX  materials  irradiated  at  high  dose. 


1.  Introduction 

Silicon  on  insulator  (SOI)  technology  is  being 
actively  developed  for  fabricating  rad-hard  integ¬ 
rated  circuits  and  is  considered  for  future  deep 
submicron  technologies.  A  lot  of  processes  were 
successively  developed,  and  various  insulators  have 
been  used,  such  as  AI2O3  substrate  (SOS,  silicon  on 
sapphire),  YSZ  substrate  (SOZ,  silicon  on  zirconia) 
[1,2],  and  more  recently  Si02-based  buried  layers 
(wafer  bonding,  oxygen  implantation  in  Si  for 
SIMOX).  Since  the  thin  active  silicon  layer 
(200  nm)  is  isolated  by  means  of  either  a  buried 
oxide  layer  or  an  insulating  substrate,  SOI  devices 
have  an  improved  transient  radiation  and  single- 
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event  upset  sensitivity.  But  the  presence  of  many 
insulating  layers  (such  as  buried  oxide  or  substrate, 
field  oxide,  etc.)  leads  to  additional  problems  due  to 
ionizing  radiation-induced  charge  trapping  in  these 
surrounding  oxides  (back-channel  or  lateral  leak¬ 
age  paths).  These  charge  trapping  phenomena 
clearly  depend  on  the  nature  of  each  insulating 
layer,  as  well  as  on  its  fabrication  process.  The  use 
of  materials  with  higher  dielectric  constant  could 
lead  to  lower  radiation-induced  voltage  shifts.  This 
type  of  material  could  also  be  useful  in  the  scope  of 
the  future  development  of  deep  submicron  tech¬ 
nologies:  as  the  process  dimensions  scale  down, 
electric  fields  inside  the  semiconductor  increase. 
Silicon  voltage  breakdown  or  other  phenomena 
associated  with  carrier  multiplication  must  be 
avoided,  and  high  dielectric  constant  materials 
could  provide  a  means  to  reduce  the  electric  field, 
or  to  confine  the  field  lines  to  the  silicon  film. 
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Fig.  1.  Measured  mid-gap  voltage  shift  as  a  function  of  X-ray 
dose.  The  irradiation  bias  was  —  1  MV  cm”  *:  □,  thermal  oxide; 
■,  SIMOX;  ▼,  YSZ.  The  lines  are  drawn  as  guides  for  the  eye. 


2.  Samples  and  method 

Two  different  types  of  insulator  have  been 
studied,  SiOa-based  layers  (thermal  oxide  and  ion- 
implanted  oxide)  and  yttria  stabilized  zirconia 
(YSZ).  The  thermal  oxide  samples  used  in  this  ex¬ 
periment  were  obtained  by  first  oxidizing 
8-15  Qcm  (1  00)  CZ  wafers  in  dry  O2  at  1050°C  to 
a  thickness  of  430  nm.  The  ion-implanted  oxide 
samples  were  obtained  from  the  standard  SIMOX 
process  (Separation  by  IMplantation  of  OXygen), 
implantation  of  ions,  1.8  x  10^^  cm~^,  200  keV, 
with  a  thickness  of  400  nm.  The  superficial  Si  film 
(20  nm)  was  subsequently  etched  off  in  XeF2 
gas.  The  so-called  ‘YSZ’  material,  yttria  stabilized 
zirconia,  was  made  by  ionic  sputtering  of 
[(Zr02)o.  77(^203)0.23]?  onto  a  Si  substrate  in 
three  steps.  First  a  thin  Si02  layer  (  <  200  nm)  was 
grown  on  the  Si  substrate.  Then  a  first  sputtering 
was  done  at  700°C,  and  finally  a  last  sputtering  was 
done  at  a  temperature  of  900°C,  to  a  thickness  of 
700  nm.  The  aim  of  the  first  two  steps  is  to  build 
a  buffer  layer,  in  order  to  avoid  incorporation  of  Si 
into  the  YSZ  layer.  The  resulting  YSZ  layer  has  the 
composition  [(Z,02)o.8(Y203)o.2]?  which  is  very 
close  to  the  starting  material.  MOS  capacitors  were 
formed  by  evaporating  Al  dots  onto  the  oxides.  The 
samples  were  then  irradiated  using  10  keV  X-rays 
(Aracor  4100  system,  tungsten  target)  or  48  keV 


X-rays.  To  study  the  radiation-induced  charge 
trapping  characteristics,  standard  high  frequency 
capacitance-voltage  measurements  (C-V,  1  MHz) 
[3]  were  carried  out  to  determine  the  radiation- 
induced  mid-gap  voltage  shift  from  which  the  oxide 
trapped  charge  can  be  deduced  [4].  In  the  follow¬ 
ing,  we  present  the  results  obtained  as  a  function  of 
both  total  irradiation  dose  and  electric  field  applied 
during  irradiation. 


3.  Results 

3.1.  Irradiation  dose  dependence 

In  Fig.  1,  we  present  the  results  of  mid-gap  volt¬ 
age  shift  (AFmg)  versus  dose  obtained  with  a  nega¬ 
tive  applied  field  (  —  1  MV  cm^^).  In  the  case  of 
Si02-based  samples  (both  SIMOX  and  thermal  dry 
oxide),  AFmg  is  negative,  showing  net  positive 
charge  trapping.  For  thermal  dry  oxide,  very 
few  holes  are  trapped  at  the  Si02/Si  interface. 
SIMOX  samples  show  a  minimum  in  the  mid¬ 
gap  voltage  shift,  which  is  associated  with  the 
appearance  of  negative  trapped  charge  [5,7] 
along  with  positive  trapped  charge.  On  the 
other  hand,  YSZ  samples  exhibit  positive  AF^g, 
indicating  that  there  is  strong  electron  trapping  in 
this  material. 


3.2.  Applied  field  dependence 

In  Fig.  2,  we  present  the  low  dose  (10  krad 
(Si02))  mid-gap  voltage  shift  versus  electric  field 
applied  during  irradiation,  for  the  different  sam¬ 
ples.  For  Si02-based  samples,  A  F^g  is  negative 
whatever  the  sign  of  the  applied  bias,  indicating 
global  positive  trapped  charge.  Hole  trapping  is 
therefore  dominant  in  this  low  dose  regime  [6].  On 
the  other  hand,  in  YSZ  samples  charge  trapping 
clearly  depends  much  on  the  electric  field  applied 
during  irradiation,  in  a  nearly  symmetrical  manner. 
For  positive  applied  field,  this  material  exhibits 
positive  charge  buildup,  whereas  for  negative  ap¬ 
plied  field,  Fig.  2  shows  evidence  of  electron  trap¬ 
ping  even  in  this  low  dose  regime. 
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Fig.  2.  Measured  mid-gap  voltage  shift  as  a  function  of  the 
electric  field  applied  during  irradiation  (lOkrad  (Si02)):  □, 
thermal  oxide;  ■,  SIMOX;  T,  YSZ.  The  lines  are  drawn  as 
guides  for  the  eye. 

4.  Interpretation  and  discussion 

The  data  of  Fig.  1  are  obtained  with  a  negative 
applied  field  during  irradiation.  In  this  case,  the 
fraction  of  radiation-generated  carriers  that  escape 
initial  recombination  are  separated  by  the  electric 
field.  Holes  are  drifted  toward  the  gate,  and  elec¬ 
trons  are  swept  to  the  oxide/Si  interface.  In  the  case 
of  Si02-based  samples,  is  negative  in  the 

whole  range  of  dose,  indicating  that  a  net  positive 
charge  is  trapped.  Thermal  oxide  is  usually  as¬ 
sumed  to  have  a  hole  trap  distribution  located  very 
close  to  the  Si02/Si  interface  and  no  or  very  low 
electron  trap  density.  Data  for  our  samples  are 
consistent  with  this  assumption:  very  little  negative 
shift  is  observed  under  negative  bias,  since  holes  are 
driven  away  from  the  hole  trap  distribution.  Elec¬ 
trons  moving  toward  the  interface  are  not  trapped. 
We  note  that  electron  trapping  has  also  been 
shown  to  occur  in  thermal  oxide,  using  the  therma¬ 
lly  stimulated  current  technique  [8].  But  in  this 
material,  the  negative  charge  contribution  is  too 
low  to  be  detected  by  a  voltage  shift  measurement. 
On  the  other  hand,  SIMOX  samples  are  believed  to 
exhibit  a  uniform  hole  trap  density  throughout  the 
oxide,  since  even  under  this  bias  condition,  a  net 
positive  amount  of  trapped  charge  occurs  which  is 
shown  here  to  saturate  after  100  krad.  This  satura¬ 


tion  is  in  fact  a  combination  between  space-charge 
effect  (i.e.,  the  so-called  'field  collapse’  effect)  and 
negative  charge  trapping  at  higher  dose,  as  shown 
elsewhere  [6,7,9].  The  difference  in  location  of  hole 
trap  distribution  in  the  two  Si02’based  oxides  can 
be  seen  in  Fig.  2.  The  field  dependence  of  net  hole 
trapping  shows  that  thermal  oxide  exhibits  charge 
trapping  only  for  positive  applied  fields.  In  SIMOX 
however,  charge  trapping  occurs  whatever  the  sign 
of  the  electric  field,  consistent  with  the  assumption 
of  uniform  hole  trap  density  [9].  Thus  for  Si02- 
based  samples,  net  positive  charge  trapping  is 
measured  by  the  C-V  method.  Only  SIMOX  oxide 
shows  evidence  of  electron  trapping  after  irradia¬ 
tion,  because  the  amount  of  negative  charge  in  this 
material  is  large  enough  to  reduce  the  net  total 
charge. 

In  the  case  of  YSZ  samples.  Fig.  1  shows  that 
AFn,g  is  now  positive.  Thus,  since  the  negative  field 
drives  electrons  toward  the  YSZ/Si  interface,  the 
negative  charge  is  trapped  in  the  vicinity  of  this 
interface.  At  higher  dose,  a  decrease  in  this  negative 
charge  is  then  observed.  It  is  probably  due  to  the 
fact  that  electron  traps  are  filled  while  hole  trap¬ 
ping  still  takes  place,  thus  reducing  the  net  trapped 
charge.  The  dose  dependence  of  YSZ  samples  is 
more  detailed  in  Fig,  3,  where  the  voltage  shift 
(AFj^g)  versus  dose  is  displayed  for  different  applied 
electric  fields.  It  is  clearly  seen  that  depending  on 
the  sign  of  the  applied  bias,  this  material  exhibits 
positive  or  negative  net  trapped  charge,  in  a  nearly 
symmetrical  manner.  This  symmetry  in  applied 
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Fig.  3.  Measured  mid-gap  voltage  shift  as  a  function  of  X-ray 
dose  in  YSZ  samples.  The  lines  are  results  of  a  model  fit.  See  text 
for  details. 
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field  is  highlighted  also  in  Fig.  4,  showing  field 
dependence  for  different  doses.  For  negative  fields, 
electron  trapping  increases  with  dose.  As  dose  in¬ 
creases  (from  ~  100  krad  on),  hole  trapping  also 
occurs  for  high  negative  fields,  reducing  the  net 
amount  of  trapped  charge.  For  positive  fields,  hole 
trapping  increases  with  dose,  for  fields  up  to 
0.5  MV  cm"  ^  For  high  positive  field  (1  MV  cm“  ^), 
charge  trapping  appears  negligible  in  the  whole 
dose  range.  This  behavior  could  be  interpreted  by 
electron  tunneling  from  the  substrate  at  this  high 
positive  field,  then  counterbalancing  the  positive 
charge  buildup.  The  YSZ  material  thus  exhibits 
both  hole  and  electron  trapping. 

In  an  attempt  to  evaluate  the  characteristic  para¬ 
meters  of  these  traps,  a  simple  model  is  used  [7].  It 
is  assumed  that  each  charge  trapping  takes  place  at 
the  interface,  and  thus  the  voltage  shift  can  be 
written  as 

AK.  =  ±^JVt[1  -  exp  {  -  agoY{E)Dt,,}^  ,  (1) 

£ 

with  +  for  electron  shift  and  —  for  hole  shift,  and 
where  q  is  the  electrical  charge,  Nj  the  trap  surface 
density  projected  at  the  interface,  tox  the  oxide  thick¬ 
ness,  £  the  dielectric  constant,  Qq  the  number  of  elec¬ 
tron-hole  pairs  generated  per  unit  dose,  o  the  capture 
cross-section,  Y (E)  the  probability  of  escaping  initial 
recombination  (so-called  ‘yield  function’  for  elec¬ 
tron-hole  pairs  production),  D  the  dose  and  E  the 
local  field  (approximated  as  bias  field  for  large  biases). 


1 0  krad  30  krad  ^  50  krad  O  200  krad  | 


Fig.  4.  Measured  mid-gap  voltage  shift  as  a  function  of  the 
electric  field  applied  during  irradiation  in  YSZ  samples.  The 
lines  are  drawn  as  guides  for  the  eye. 


From  Eq.  (1),  we  can  extract  two  physical  para¬ 
meters,  the  equivalent  trap  density  at  the  interface, 
Nj,  and  the  capture  cross-section,  cr,  both  for  hole 
and  electron  traps.  For  the  sake  of  comparison,  the 
capture  cross-section  is  in  fact  determined  as  the 
product  (TY{Ef  since  the  yield  function  Y{E)  may 
differ  for  Si02  and  YSZ  samples.  The  result  of  a  fit 
using  Eq.  (1)  is  shown  by  the  solid  curves  in  Fig.  3 
for  YSZ  samples.  Very  good  agreement  is  found 
with  experimental  data.  For  positive  fields,  only 
hole  trapping  is  taken  into  account,  whereas  for 
negative  fields  a  combination  of  both  trapped  spe¬ 
cies  is  used  to  account  for  the  reduction  in  net 
negative  charge  at  high  dose.  A  comparison  of 
equivalent  trap  densities  at  the  interface  and  prod¬ 
ucts  (7Y{E)  for  YSZ  and  Si02-based  samples  is 
shown  in  Table  1.  The  equivalent  densities  of  hole 
and  electron  traps  are  identical  in  YSZ  samples, 
reflecting  the  near-symmetrical  behavior  observed. 
Moreover,  these  trap  densities  are  close  to  SIMOX. 
Thermal  oxide  has  a  larger  hole  trap  density,  since 
in  this  case  holes  are  trapped  very  close  to  the 
interface,  where  the  effect  is  maximum.  Capture 
cross-sections  also  are  of  the  same  order  of  magni¬ 
tude.  This  material  is  in  fact  a  three-layer  structure, 
with  a  very  thin  Si02  layer  (less  than  2  nm),  a  thin 
low  temperature  formed  YSZ  layer  and  a  thick  high 
temperature  YSZ  layer.  The  total  thickness  of  YSZ 
is  700  nm.  It  seems  very  likely  that  charge  trapping 
could  in  fact  occur  at  the  interfaces  between  each 
layer  of  the  structure,  as  is  the  case  for  Si/ONO 
structures  for  example.  The  more  distant  of  these 
three  interfaces,  (YSZ  LT/YSZ  HT),  is  located  at 
a  distance  of  around  20  nm  from  the  Si  substrate. 
Since  the  total  YSZ  thickness  is  700  nm,  the  inter¬ 
layer  interfaces  are  in  fact  very  close  to  the  true 


Table  1 


Standard 

thermal 

Standard 

SIMOX 

YSZ 

Hole  traps 

Nj  (cm 

7.2x  10‘^ 

4,9x10'^ 

5.7x10'^ 

y  (£)  (cm^) 

4.6x10““^ 

3.8x10“*'* 

1.6  X  10“*'* 

Electron  traps 

— 

1.1  X  10*^ 

5.7  X  10*^ 

Y  (E)  (cm^) 

— 

2.0x10““* 

3.8x10“*'* 
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Si-bulk/insulator  interface.  Thus,  charge  trapping 
is  well  interpreted  by  the  exponential  model  of 
Eq.(l). 


5.  Conclusion 

The  results  presented  here  show  that  the  X-ray 
radiation  response  of  YSZ  is  significantly  different 
from  Si02-based  materials.  The  latter  show  dominant 
hole  trapping,  although  electron  trapping  is  directly 
observed  in  SIMOX  oxide.  On  the  other  hand,  both 
hole  and  electron  trapping  occur  in  YSZ  even  after 
a  low  dose  irradiation.  Moreover,  this  charge  trap¬ 
ping  appears  to  be  nearly  symmetrical  with  applied 
field.  Further  studies  are  needed  to  investigate  the 
nature  of  the  generated  traps,  but  the  model  could  be 
generalized  to  investigate  other  insulators  such  as 
Ta205/Si,  Si3N4/Si  or  Si/ONO  structures. 


References 

[1]  E.  Dupont-Nivct,  A.  Umbert,  J.L.  Leray,  L.M,  Mercandalli, 
B.  Dessertene,  D.  Dieumegard  and  J.  Siejka,  in:  Proc.  Elec¬ 
trochemical  Society  Meeting,  Atlanta,  GA,  1988. 

[2]  I.  Golecki,  H.M.  Manasevit,  L.A.  Moudy,  J.J.  Yang  and  J.E. 
Mce.  Appl.  Phys.  Lett.  42  (1983)  501. 

[3]  S.M.  Sze,  Physics  of  Semiconductor  Devices  (Wiley,  New 
York,  1981)  ch.  7. 

[4]  P.J.  McWhorter,  P.S.  Winokur  and  R.A.  Pastorek,  IEEE 
Trans.  Nucl.  Sci.  NS-35  (1988)  1154. 

[5]  O.  Flamen t  et  al.,  IEEE  Trans.  N ucl.  Sci.  NS-39  ( 1 992)  2 1 32. 

[6]  D.  Hcrve,  J.L.  Leray  and  R.A.B.  Devine,  J.  Appl.  Phys.  72 
(1992)  3634. 

[7]  P.  Paillet,  D.  Herve  and  J.L.  Leray,  in:  RADECS  European 
Conf.  Proc.,  Saint-Malo,  IEEE  no.  93-TH0616-3,  1993,  p.  140. 

[8]  D.M.  Fleetwood,  S.L.  Miller,  R.A.  Reber  Jr.,  P.J.  McWor- 
ther,  P.S.  Winokur,  M.R.  Shaneyfelt  and  J.R.  Schwank, 
IEEE  Trans.  Nucl.  Sci.  NS-39  (1992)  2192. 

[9]  D.  Hcrve,  P.  Paillet  and  J.L.  Leray,  in:  RADECS  European 
Conf.  Proc.,  Saint-Malo,  IEEE  no.  93-TH0616-3,  1993, 
p.  154. 


ELSEVIER  Journal  of  Non-Crystalline  Solids  187  (1995)  175-180 


JOURNA L OF 

WN-CBYSmilNEH 


Influence  of  the  oxide  charge  build-up  during  Fowler-Nordheim 
stress  on  the  current-voltage  characteristics  of 
metal-oxide-semiconductor  capacitors 

Simon  Elrharbi,  Marc  Jourdain* 

Laboratoire  d 'Applications  de  la  Microelectronique,  Universite  de  Reims,  Moulin  de  la  Mousse,  51062  Reims  cedex,  France 


Abstract 

A  study  of  the  influence  of  the  oxide  charge  build-up  during  Fowler-Nordheim  is  presented,  emphasizing  the 
current-voltage  characteristics.  In  some  cases,  a  diminution  of  the  slope  of  current-voltage  characteristics  was  observed. 
It  is  shown  that  the  slope  variation  is  due  to  a  change  of  the  cathode  field  which  is  basically  related  on  the  location  of  the 
oxide  charge.  The  proximity  of  this  oxide  charge  (positive  or  negative)  to  substrate-Si  /Si02  or  gate/Si02  interfaces 
modifies  the  shape  of  the  tunneling  barrier.  From  a  qualitative  analysis  of  the  voltage  shifts  of  current-voltage  and 
capacitance-voltage  characteristics,  the  origins  of  the  oxide  charge  have  been  discussed  and  the  degradation  of  the  oxide 
is  found  to  be  consistent  with  both  mechanisms  of  trap  creation  and/or  impact  ionization. 


1.  Introduction 

Fowler-Nordheim  current  is  the  mechanism 
used  in  the  programming  and  erasing  of  memory 
cells  in  electrically  erasable-programmable  read¬ 
only  memories  (EEPROM).  This  mechanism  leads 
to  a  creation  of  charges  in  the  bulk  oxide  and 
interface  traps  which  significantly  affect  metal- 
oxide-semiconductor  (MOS)  device  performance 
[1].  In  order  to  consider  the  mechanism  of  the 
oxide  charge  generation,  it  is  important  to  obtain 
information  on  the  distribution  of  trapped  charges 
in  the  oxide.  Useful  techniques  to  extract  the 
densities  of  charges  in  oxide,  interface  traps  at  the 
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substrate-Si/  Si02  interface  and  other  physical 
parameters,  are  based  on  a  combination  of 
capacitance-voltage  (C-K)  and  current- voltage 
{I-V)  characteristics.  The  fast  interface  states 
have  no  effect  on  the  1-V  characteristics  in  MOS 
capacitors  but  do  affect  C-V  characteristics.  The 
current  is  dependent  only  on  the  cathode  region 
field  strength.  This  latter  characteristic  of  1-V, 
sensing  only  the  effect  of  bulk  trapped  charge, 
allows  a  separate  determination  of  both  the  bulk 
charge  centroid  and  the  total  amount  of  trapped 
charge. 

However,  the  common  practice  of  extracting  the 
location  and  the  magnitude  of  these  charges,  from 
the  positive  or  negative  voltage  shifts  of  the  I-V 
characteristics  must  be  used  with  caution,  because 
it  usually  assumes  a  triangular  barrier  for  tunneling 
electrons,  i.e.  parallel  voltage  shifts.  Depending  on 
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the  location  of  the  trapped  charge,  the  assumption 
may  or  may  not  be  true. 

The  purpose  of  this  paper  is  to  investigate  the 
influence  of  the  oxide  charge  build-up  during 
Fowler-Nordheim  stress  on  the  I-V  characteristics 
which  are  analyzed  not  only  in  the  low  current 
density  region  where  the  voltage  shifts  are  meas¬ 
ured  to  extract  the  location  and  the  magnitude  of 
the  oxide  charge,  but  in  the  whole  Fowler-Nor¬ 
dheim  region. 

2.  Experiments 

2.1.  Sample  characteristics  and  data  processing 

The  P-MOS  capacitors  were  fabricated  on 
boron  doped  Si  <100)  substrate  {N^  2.5-3. 3  x 

10^^  cm“^).  The  gate  has  an  area  of  5.44  x  10“'^  cm^ 
and  the  oxide  thickness  is  deduced  from  the 
capacitance  measurement.  All  the  samples  were 
supplied  by  the  Laboratoire  d’Electronique,  de 
Technologic  et  dTnstrumentation  (LET!) 
(Grenoble  France).  Main  sample  characteristics  are 
listed  Table  1. 

2.2.  Electrical  measurements 

Our  experimental  method  is  the  following:  C-V 
and  1-V  curves  of  non-stressed  samples  were  meas¬ 
ured  first  to  test  the  electrical  quality  of  the  devices 
(we  make  certain  that  the  I-V  measurements  do 
not  stress  the  sample).  Then,  a  constant  high  elec¬ 
tric  field  stress  (HEFS)  was  applied  during  a  prede¬ 
termined  time  and  C-V  and  I-V  curves  were 
recorded  thereafter.  The  HEFS  is  performed  by 
Fowler-Nordheim  tunneling  (FNT)  injection  of 
electrons  from  the  gate.  The  magnitude  of  the 
injected  charge  density,  Ni^j,  is  obtained  by  current 


integration  over  the  stress  time.  This  procedure  was 
repeated  until  the  breakdown  of  the  sample. 

The  I-V  characteristics  were  obtained  in  the  two 
injection  modes,  i.e.  injection  with  a  positively  or 
negatively  biased  gate  (Fg^or  Fg“  modes,  respec¬ 
tively).  To  obtain  the  I-V  characteristic,  the  sample 
must  be  illuminated  continuously,  in  a  white  light 
to  prevent  a  deep  depletion  by  supplying  enough 
minority  carriers  through  photo-generation.  The 
present  investigations  are  limited  in  the  regions 
where  the  oxide  current  is  dominated  by  the  tunnel¬ 
ing  Fowler-Nordheim  regime. 

3.  Experimental  results 

Figs.  1  and  2  show  the  I-V  characteristics  for  the 
two  samples  where  the  curves  1  are  measured  be¬ 
fore  stress  and  curves  2,  after  stress.  Figures  a  and 
b  show  the  I-V  characteristics  measured,  respec¬ 
tively,  for  Fg^  and  Fg“  modes.  We  observe  a  de¬ 
crease  in  the  slope  of  the  I-V  curves,  except  for  the 
Al-gate  sample  in  Fg"  mode,  and  an  increase  of  the 
current,  except  for  the  Poly-Si-gate  sample  in  Fg"^ 
mode. 

For  both  samples,  the  positive  charge  is  located 
near  the  substrate-Si  /Si02  interface.  In  order  to 
separate  the  influence  of  negative  charge  from  the 
positive  charge  on  the  I-V  curves,  we  neutralize  the 
positive  charge  by  sweeping  the  bias  in  Fg"^  mode 
(in  FNT  region)  a  couple  of  times  without  stressing, 
hence,  injection  of  few  electrons  is  made  through 
the  substrate-Si/Si02  interface.  In  this  case,  the 
C-F  curves  shift  towards  their  non-stressed  posi¬ 
tion  which  shows  that  the  positive  charge  has  been 
neutralized,  but  the  number  of  interface  traps  cre¬ 
ated  remains  unchanged  [2].  In  Fig.  3(a),  we  plot 
some  I-V  curves  (measured  in  Fg'*^  mode  before 
and  after  HEFS  in  Fg~  mode)  of  the  Al-gate 


Table  1 

Sample  characteristics 


Sample 

Substrate  doping 

Oxidation  conditions 

t’^^(nm) 

Post  anneal 

Gate 

density,  N^(cm 

LIR04 

2.65  X  10’’ 

900  C-  O,  +  5%  HCl 

29.4 

Ar  1050  C 

A1 

LIR19 

3.30  X  10” 

900  C-wetO,  +  6%  HCl 

42.5 

Ar  1050^C 

Si“Poly 
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Fig.  1.  1-V  characteristics  for  Al-gate  sample  before  and  after  high  electric  field  stress  of  -11  MV/cm,  measured  in  the 
Fowler-Nordheim  region  in  the  case  of  both  (a)  and  (b)  Fg"  modes.  The  curve  1  is  measured  before  stress  and  curve  2,  after  stress 
{N.^.  is  the  value  of  the  charge  density  injected  during  HEFS).  The  lines  are  drawn  as  guides  for  the  eye. 


20  22  24  26  28  30  32  -20  -22  -24  -26  -28 

Vg(volt)  Vg(volt) 


Fig.  2.  l-V  characteristics  for  Poly-Si-gate  sample  before  and  after  high  electric  field  stress  of  -  9  MV/cm,  measured  in  the 
Fowler-Nordheim  region  in  the  case  of  both  (a)  Fg"^  and  (b)  Fg"  modes.  The  curve  1  is  measured  before  stress  and  curve  2,  after  stress 
is  the  value  of  the  charge  density  injected  during  HEFS). 

sample  (we  obtain  the  same  evolution  of  the  I-V  for  two  different  injection  densities.  After  curve  2  of 

curves  in  Vg^  mode  for  the  poly-Si-gate  sample).  Fig.  3(a)  was  taken,  we  again  neutralized 

The  curve  1  corresponds  to  a  non-stressed  sample  the  positive  charge  and  subsequently  stressed  the 

and  the  curves  2  and  3  to  the  same  stressed  sample  same  sample  at  2.45x10^^  cm  ^  (curve  3).  The 
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Vg(Volt)  Vg(Volt) 


Fig.  3.  Evolution  of  /-  V  characteristics  before  neutralization  (a)  and  after  neutralization  (b)  of  the  positive  charge  for:  curve  1  -  Sample 
non-stressed;  curve  2  -  Sample  stressed  at  (£=-  10.36  MV/cm;  =  3.31  x  10*^  cm“-);  curve  3-  Sample  stressed  at 
(£  =  -  10.36  MV/cm;  N,^.  =  2.45  x  10'"  cm-"). 


recombination  of  electrons  with  positive  charge 
does  not  simply  result  in  the  return  to  the  un¬ 
stressed  conditions.  We  notice  (Fig.  3(b))  on  the 
I-V  characteristics,  that  the  slopes  also  take  back 
their  original  value  and  that  a  turn  around  effect  is 
observed.  The  new  parallel  shifts  increase  with  the 
injected  charge  density,  and  they  indicate  a  nega¬ 
tive  charge.  It  can  be  seen  that  these  variations  of 
the  slopes  of  I~V  curves  are  related  to  the  proxim¬ 
ity  of  the  charge  (positive  or  negative)  to  substrate- 
Si/Si02  or  gate  /Si02  interface.  The  modified  shape 
of  the  tunneling  barrier  due  to  the  oxide  charge  and 
its  related  /-F  curve  is  sketched  on  the 
Fig.  4. 

The  oxide  charge  being  sensed  very  close  to  Sub- 
strate-Si/Si02  interface,  by  the  1-V  curve  in  Fg"^ 
mode,  is  positive  for  both  samples  and  it  is  consis¬ 
tent  with  the  shifts  of  C-V  curves.  However,  we 
have  shown  elsewhere  [3]  that  for  the  Al-gate 
sample,  the  situation  is  more  complex  at  the  sub- 
strate-Si/Si02  interface,  when  HEFS  is  made  in 
Fg"^  stress  mode,  i.e.  negative  charge  is  sensed 
by  the  1-V  curves  in  Fg"^  mode,  very  close  to 
the  substrate-Si/Si02  interface,  whereas  positive 


charge  is  sensed  by  the  negative  flatband  voltage 
shifts.  The  I-V  and  C-V  behavior  is  interpreted 
consistently  if  the  positive  charge  is  located  be¬ 
tween  the  negative  charge  and  the  substrate- 
Si/Si02  interface.  The  shifts  are  parallel  for  the 
Al-gate  sample  from  I-V  curves  measured  in  Fg~ 
mode.  In  this  case,  we  think  that  the  charge  cen¬ 
troid  X  is  greater  than  tunneling  distance  and 
that  the  oxide  charge  is  located  beyond  25  A  from 
the  Al/Si02  interface.  For  the  poly-Si-gate  sample, 
the  negative  charge  is  located  very  close  to  the 
poly-Si/Si02  interface,  the  centroid  is  located  be¬ 
tween  the  tunneling  distance  and  the  poly-Si  /Si02 
interface. 


4.  Discussion 

It  has  been  suggested  [4,5]  that  two  mechanisms 
could  produce  the  generation  of  a  positive  charge 
at  both  interfaces;  these  are  the  phenomena  of  trap 
creation  and  band-gap  ionization.  Trap  creation  is 
produced  by  any  electron  with  energy  greater  than 
2  eV  and  for  injected  charge  density  superior  to 
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Fig.  4.  (a)  Effect  of  positive  charges  on  I-V  characteristics  depending  on  its  location:  case  of  triangular  barrier  and  non-trianguiar 
barrier,  (b)  Effect  of  negative  charges  on  1-V  characteristics  depending  on  its  location:  case  of  triangular  barrier  and  non-triangular 
barrier 


10“  C/cm^;  the  energy  of  2  eV  is  sufficient  to 

release  hydrogen  from  defect  sites  near  the  anode 
interface.  Impact  ionization  occurs  for  energy  ex¬ 
ceeding  9  eV  and  for  fluences  greater  than 
10"^C/cm^.  This  being  the  case,  holes  are  then 
produced  in  the  oxide  bulk  closer  to  the  anode 
interface  and  subsequently  move  to  the  cathode 
interface  where  some  are  trapped.  Some  of  the 
injected  electrons  from  the  cathode  recombine 
with  these  trapped  holes  producing  interface 
states  and  traps  near  the  cathode.  For  these 
authors,  trap  creation  and  impact  ionization  can 
occur  simultaneously  under  certain  conditions, 
particularly  at  high  electric  fields.  Furthermore, 
it  has  been  shown  that  similar  interfacial  defect 
generation  can  also  occur  near  the  anode  for  both 
mechanisms  [6]. 


We  can  conclude  that  the  shifts  of  I~V  character¬ 
istics  after  HEFS  for  our  samples  can  be  well  ex¬ 
plained  by  the  both  mechanisms  of  trap  creation 
and/or  impact  ionization,  but  in  this  paper,  we  have 
not  attempted  to  separate  both  mechanisms.  The 
field  stresses  have  values  greater  than  9  MV/cm 
and  injected  charge  density  >  10^^  cm“^;  impact 
ionization  could  occur  at  all  fluences.  We  have 
shown  in  Ref.  [7]  that  in  our  Al-gate  samples,  one 
could  interpret  the  generation  of  positive  charge  in 
Si02  by  impact  ionization  at  fluences  of  10^ 
electrons  per  cm^  and  high-fields  superior  to 
7  MV/cm.  This  threshold  field  of  7  MV/cm  is  re¬ 
quired  to  accelerate  electrons  to  energies  high 
enough  to  cause  electron-hole  pair  generation  by 
impact  ionization  under  high-field  stress.  Trom- 
betta  et  al.  [8]  suggest  that  positive  charge  near  the 
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substrate-Si/Si02  interface  exists  in  at  least  two 
fundamentally  different  forms.  These  forms  are  re¬ 
ferred  to  as  the  trapped  hole  and  the  anomalous 
positive  charge  (APC)  center  or  'slow  states’.  We 
used  the  same  procedure  described  in  Ref.  [8]  to 
verify  if  the  positive  charge  can  be  interpreted  as 
APC  or  trapped  holes:  APC  center  can  be  revers¬ 
ibly  charged  or  discharged  by  application  of  a  dc 
gate  bias  (4.5  MV/cm)  of  appropriate  sign  for  an 
extended  period  of  time  (minute  to  hours).  With 
a  4.5  MV/cm  field,  only  a  portion  of  the  positive 
charge  has  disappeared  on  the  stressed  Al-gate 
sample,  certainly  by  tunneling  of  holes  to  the  sub- 
strate-Si.  If  we  begin  again  the  same  procedure 
several  times,  no  variation  of  the  positive  charge  is 
observed.  In  our  case,  the  positive  charge  cannot  be 
reversibly  charged  and  discharged  by  application  of 
a  moderate  bias  of  alternating  sign.  As  mentioned 
earlier,  the  positive  charge  has  been  neutralized 
by  a  series  of  sweeping  bias  in  Pg^  mode  in 
FNT  region  (the  involved  fields  are  between  6 
and  8  MV/cm),  during  a  short  time,  therefore  the 
injected  charge  remains  very  small.  These  results 
indicate  that  the  generated  positive  charge  on  the 
Al-gate  sample  cannot  be  interpreted  as  anomalous 
positive  charge  or  slow  states  but  rather  results 
from  impact  ionization  and  the  subsequent  trap¬ 
ping  of  the  generated  holes.  For  the  poly-Si-gate 
sample,  the  fluence  level  (2.76  x  10^^  cm" is 
enough  to  cause  significant  trap  creation.  DiMaria 
et  al.  [9]  attribute  the  generation  of  a  negative 
charge  by  the  mechanism  of  trap  creation  described 
elsewhere.  The  mobile  species  created  by  trap  cre¬ 
ation  can  move  to  the  cathode  interface  where  it 


produces  a  distribution  of  electron  traps  in  the 
oxide  near  the  interface. 


5.  Conclusion 

We  have  shown  that  oxide  charge  build-up  dur¬ 
ing  HEFS  have  an  influence  on  the  slopes  of  I-V 
characteristics.  The  non-parallel  voltage  shifts  of 
I-V  characteristics  obtained  in  some  cases  are  ex¬ 
plained  by  the  shape  of  tunneling  barrier,  triangu¬ 
lar  or  not,  according  as  the  tunneling  distance  is 
smaller  or  not  than  the  centroid  of  charge.  The 
evolutions  of  the  I-V  characteristics  are  consistent 
with  two  mechanisms  of  trap  creation  and  /or  im¬ 
pact  ionization. 
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Abstract 

Fowler-No rdheim  tunneling  injections  were  performed,  from  the  gate,  or  from  the  substrate,  in  P-type  metal  oxide 
semiconductor  capacitors  with  polysilicon  gates  in  both  wet  and  dry  oxides.  When  the  injection  was  from  the  gate, 
trapped  holes,  as  well  as  negative  and  anomalous  positive  charges  were  created  and  it  was  possible  to  determine  their 
amplitude  and  their  centroid.  When  the  injection  was  from  the  substrate,  only  negative  and  anomalous  positive  charges 
were  created,  but  the  determination  of  the  centroids  was  not  always  possible  since  the  positive  charge  appears  to  be 
located  at  both  interfaces. 


1.  Introduction 

Many  studies  exist  on  the  charge  generated  by 
the  avalanche  injection  of  minority  carriers  into  the 
oxide  of  N  or  PMOS  capacitors.  Studies  also  exist 
on  Fowler-Nordheim  (FN)  tunneling  injections 
made  from  the  substrate  into  the  oxide  of  NMOS 
capacitors,  but  less  attention  has  been  paid  to  FN 
injections  made  from  the  gate  or  from  the  substrate 
into  PMOS  capacitors.  It  is  known  that  the  dam¬ 
age  performed  by  these  injections  consists  of  gene¬ 
rated  positive  and/or  negative  charge  together  with 
interface  states  at  the  Si-Si02  interface.  The  posi¬ 
tive  oxide  charge  can  be  a  combination  of  trapped 
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holes  and  anomalous  positive  charge  (APC)  [1-1 1]. 
In  the  present  paper,  we  describe  the  oxide  charge 
distribution  which  results  from  FN  electron  injec¬ 
tions  from  both  electrodes  into  PMOS  capacitors. 
Active  edge  (N'^)  has  been  implanted  in  Si  substrate 
to  facilitate  the  formation  of  the  inversion  layer  and 
to  allow  the  realization  of  FN  injection  from  the 
substrate  into  the  PMOS  capacitors.  To  find  the 
localization  of  the  positive  and  negative  charges  in 
Si02,  and  to  differentiate  between  bulk  and  inter¬ 
face  trapped  charges,  C-V  and  I~V  measurements 
must  be  performed.  It  is  from  the  shift  of  these 
characteristics,  relative  to  the  initial  curves,  that 
this  information  can  be  obtained.  Nonetheless,  the 
trapped  holes  are  discharged  irreversibly  by  an 
appropriate  gate  bias,  whereas  APC  is  charged  or 
discharged  reversibly.  So  the  accuracy  of  any 
method,  which  uses  I-V  or  C-V  shifts  after  stress, 
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becomes  questionable.  It  is  our  opinion  that  before 
extracting  informations  from  these  shifts,  it  is  im¬ 
portant  to  establish:  (a)  whether  the  positive  charge 
is  made  up  of  trapped  holes  or  APC  or  a  mixture  of 
both;  (b)  if  such  charges  do  exist,  which  gate  bias 
can  charge  or  discharge  them;  (c)  what  are  the  time 
constants  of  the  charge  and  discharge. 

2.  Samples 

The  PMOS  samples  studied  contained  two  dif¬ 
ferent  types  of  oxide:  one  was  wet  (850"'C  +  H2O) 
and  the  other  was  dry  (950'‘'C  -h  HCl).  Their  thick¬ 
ness  is  22  nm  and  their  gate  was  in  polysilicon.  All 
the  samples  were  supplied  by  the  Laboratoire 
d’Electronique,  de  Technologic  et  ddnstrumenta- 
tion  (LETI),  Grenoble,  France.  Constant  bias  FN 
injections  were  performed  under  an  oxide  field  of 
approximatively  ±10MVcm“h 

3.  Results 

It  is  well  known  that  the  generated  oxide  charge 
has  an  effect  on  the  gate  current  at  constant  gate 
bias  level.  In  studying  this  effect,  one  obtains  an 
overall  view  of  the  nature  of  the  trapped  charge. 
For  dry  oxides  when  the  injections  are  made  from 
the  gate,  the  increase  of  the  current  at  low  fluence 
and  its  decrease  at  high  fluence,  as  seen  in  Fig.  1, 
show  the  creation  of  a  positive  charge  followed  by 
the  buildup  of  negative  charge,  but  when,  on  the 
other  hand,  the  injection  was  made  from  the  sub¬ 
strate,  the  buildup  of  the  negative  charge  started  at 
a  lower  fluence,  and  no  positive  charge  was  detec¬ 
ted.  On  the  other  hand,  for  the  wet  oxide,  when  the 
injections  were  made  from  the  gate,  the  buildup  of 
the  negative  charge  started  at  a  lower  fluence  than 
for  the  dry  oxides,  as  seen  in  Fig,  2,  and  the  negative 
charge  is  detected  at  the  same  fluence  for  both 
injections. 

In  this  paper,  AVf^  and  AFfn  stand,  respective¬ 
ly,  for  the  shift  of  the  I-V  curves  with  negative  and 
positive  gate  bias.  From  the  measurement  of  these 
two  values,  it  is  possible  to  calculate  the  magnitude 
and  the  centroid  of  the  oxide  charge  [12].  AF^g 
stands  for  the  shift  of  the  C-V  curves,  when  the 


Fig.  1.  Typical  gate  current  variation  with  the  charge  fluence  at 
constant  gate  bias  level  for  a  dry  oxide.  E  is  the  average  electric 
field  in  the  oxide  which  corresponds  to  a  gate  bias  of  ±  22  V. 


Qinj  ((7cm""  ) 


Fig.  2.  Typical  gate  current  variation  with  the  charge  fluence  at 
constant  gate  bias  level  for  a  wet  oxide.  E  is  the  average  electric 
field  in  the  oxide  which  corresponds  to  a  gate  bias  of  +  22  V. 

Fermi  level  is  at  midgap  position;  it  can  give  the 
same  information  as  AVp^  provided  that  the  sur¬ 
face  states  above  midgap  are  acceptor  while  those 
below  midgap  are  donor,  and  that  both  are  equal  in 
number.  In  what  now  follows,  Q  represents  the 
magnitude  of  an  oxide  charge  and  x  its  centroid 
from  the  substrate.  The  trapped  hole  charge,  the 
APC  and  the  negative  charge  will  be  marked  by 
indices  one,  two  and  three,  respectively. 

3.  /.  FN  injection  from  the  gate 

In  the  dry  and  wet  oxides,  after  stress,  AF^^g 
shows  the  presence  of  a  positive  charge  in  the  oxide 
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Table  1 

Magnitude  and  centroid  of  different  oxide  charges  measured  after  different  injected  charges  for  a  negative  stress  {E  =  —  10  MV  cm“ 
2 2  being  the  magnitude  of  the  APC  which  can  be  charged  and  discharged  by  a  gate  bias  of  ±  12  V 


Injected  charge 
density  (C  cm“^) 

Positive  charge 
centroid  (A) 

(Xi  -  X2) 

Negative  charge 
centroid  (A) 

(^3) 

Trapped  holes 
(C  cm  “ 

(Qi) 

Anomalous 
positive  charge 
(C  cm -2) 

(Qi) 

Negative  charge 
(C  cm“^) 

(Q3) 

Dry  oxide 

0.016 

25 

_ 

2.44x  10^'^ 

3.64  x  10’® 

0 

0.16 

22 

57 

3.62  X  10"’ 

1.51  X  10"’ 

5.88  X  10’® 

1.6 

23 

59 

7.15  X  10^^ 

1.81  X  10’’ 

2.13  X  10’’ 

8 

27 

60 

7.63  X  10“'' 

2.4  X  10’’ 

4x  10’’ 

Wet  oxide 

0.016 

16 

140 

1.9x  10*'' 

6.8x10’® 

5.7x10’® 

0.16 

18 

99 

3.36  X  10”  ^ 

1.85  X  10’’ 

1.66  X  10’’ 

1.6 

17 

97 

4.3x10’’ 

3.6x10-7 

3.8x10’’ 

bulk.  The  effects  on  this  charge  of  a  positive  or 
a  negative  gate  bias  have  been  studied  (Fig.  3).  In 
doing  this,  we  had  to  make  certain  that  no  further 
damage  occurred,  by  putting  the  sample  into  the 
FN  regime,  and  therefore,  the  variation  of  the  gate 
bias  was  limited  to  —  13  V  <  Fg^te  <  +  13  V: 

(a)  A  negative  gate  bias  applied  after  stress  had 
no  effect,  which  made  possible  the  measure  of  AFfn 
at  that  point. 

(b)  On  the  other  hand,  a  positive  gate  bias  ap¬ 
plied  following  stress  annihilated  this  positive 
charge,  and  made  the  measurement  of  AFp^  unreli¬ 
able.  When  the  positive  charge  was  annihilated, 
AFmg  showed  the  presence  of  negative  charges. 
Now  if  a  negative  gate  bias  was  applied,  a  small 
part  of  the  positive  charge  reappeared,  which  made 
impossible  the  measurement  of  AFp^  at  that  point. 
But  this  showed  that  the  positive  charge  consisted 
of  trapped  holes  and  APC. 

(c)  In  order  to  assess  the  influence  of  the  charge 
and  the  discharge  on  AF^g  and  AFplsj,  it  is  impor¬ 
tant  to  know  if,  and  how,  they  depend  on  the  bias 
level.  It  was  observed  that  the  amounts  of  APC  that 
could  be  charged  or  discharged  increased  with  the 
gate  bias  level  and  that  these  varied  linearly  with 
\n{t)  [3,7].  The  slope  was  independent  of  the  magni¬ 
tude  of  the  gate  bias  and  50%  of  the  APC  was 
charged  or  discharged  in  less  than  50  s.  The 
trapped  holes  decay  varied  with  the  magnitude 
of  the  gate  bias,  and  is  faster  at  12  V  than  the 
APC  decay. 


It  was  then  possible  to  determine  a  procedure  to 
obtain  the  maximum  possible  information  regard¬ 
ing  the  oxide  charge: 

(1)  The  measurement  after  stress  of  AF^g  and 
AFpN  gave  two  relations  between  the  Qi  and  Xj. 

(2)  The  positive  charge  was  annihilated  (in  ap¬ 
plying  12  V  on  the  gate,  this  value  was  chosen  to 
minimize  the  experimental  time).  At  this  stage,  only 
AFmg  was  measured  which  gave  a  third  relation 
between  and  X3. 

(3)  The  APC  was  recharged  by  applying  —  12  V 
on  the  gate.  Then  the  measurement  of  AFj^g  and 
AFp^  gave  two  more  relations. 

One  equation  is  missing  to  resolve  the  problem. 
The  best  course  at  this  point  is  to  assume  that  the 
APC  centroid  is  the  same  as  that  of  the  trapped 
holes.  The  results  for  the  dry  and  wet  oxides  are 
given  in  Table  1. 

3,2.  FN  injection  from  the  substrate 

Fig.  4  shows  that  a  positive  stress  had  created 
a  negative  charge  and  an  APC.  It  is  seen  in  Fig.  4 
that  the  positive  charge  after  stress  was  small  and 
that  the  application  of  a  negative  gate  bias  in¬ 
creased  it,  which  ruled  out  the  possibility  of 
measuring  just  after  stress  without  changing 
the  charge.  This  result  is  understandable  as  the 
stress  field  was  positive  and  therefore  discharged 
the  APC  that  it  had  created.  A  negative  bias  would 
recharge  it.  But  a  part  of  this  charge  was  discharged 
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Fig.  3.  Effect  on  the  generated  oxide  charge,  by  FN  injection 
from  the  gate,  of  a  positive  or  negative  gate  bias  (  +  12  V). 
E  =  —  iO  MV  cm"^  is  the  average  oxide  field  applied  on  the 
sample  during  the  stress.  A  F^go  is  the  AF^g  value  just  after  stress. 
The  oxide  is  dry. 


irreversibly  by  a  positive  gate  bias.  We  observed, 
like  other  researchers  [1, 11],  that  the  magnitude  of 
the  APC  always  decays  slightly  with  time  when  an 
alterntive  gate  bias  is  applied.  But,  here,  this  phe¬ 
nomenon  was  much  more  important  than  usual 
during  the  first  decay.  For  us  and  characterize 
the  positive  charge  which  disappears  irreversibly  dur¬ 
ing  the  first  decay  and  it  was  assumed  that  Xi  =  X2. 
The  results  for  the  wet  oxide  are  given  in  Table  2. 

In  the  dry  oxide,  the  negative  charge  is  zero  when 
the  fluence  is  0.016  C  cm  “  so  the  APC  centroid  can 
be  extracted  from  the  measurements  without  any 
supposition  x^  was  found  to  be  equal  to  76  A  and  .X2 
to  97  A  which  is  quite  surprising  for  an  APC  which 
can  be  charged  and  discharged  by  a  small  gate  bias. 


Fig.  4.  Effect  on  the  generated  oxide  charge,  by  FN  injection 
from  the  substrate,  of  a  positive  or  a  negative  gate  bias  (  +  12  V). 
E  =  +  10  MV  cm is  the  average  oxide  field  applied  on  the 
sample  during  the  stress.  A  F^^go  is  the  AF^g  value  just  after  stress. 
The  oxide  is  wet. 


For  a  fluence  of  0.16  C  cm  a  negative  charge 
was  observed.  It  was  not  possible  to  resolve  the 
equations  in  Q  and  x  by  simply  supposing,  as 
we  have  done  until  now,  the  existence  of  one  nega¬ 
tive  and  two  positive  charges.  To  explain  these 
results  satisfactorily,  it  is  necessary  to  suppose 
the  existence  of  a  third  positive  charge  situated 
near  the  anode.  Then  the  surprising  value  of  97  A 
for  an  APC  centroid  would  be  explained  as  it 
would  be  the  centroid  of  one  positive  charge  situ¬ 
ated  near  the  gate  and  one  positive  charge  near  the 
substrate. 

The  effect  of  this  third  positive  charge  could  not 
be  visible  in  the  wet  oxide  because  of  the  higher 
negative  charge. 


Table  2 

Magnitude  and  centroid  of  different  oxide  charges  measured  after  different  injected  charges  for  a  positive  stress  {E  =  +10  MV  cm“  ^), 
Qi  being  the  magnitude  of  the  APC  which  can  be  charged  and  discharged  by  a  gate  bias  of  ±  12  V 


Injected  charge 
density  (C  cm  “  ^) 

Positive  charge 
centroid  (A) 

(Xi  =  X2) 

Negative  charge 
centroid  (A) 

(X3) 

Anomalous 

positive  charge  (C  cm“^) 

Negative  charge 
(C  cm"^) 

(Sr) 

(Qi) 

iQi) 

Wet  oxide 

0.016 

15 

144 

1.2x 

3.25  X 

4.81  X  10"® 

0.16 

30 

101 

3.41  X  10'® 

7x  10"® 

1.9  X  lO"’ 

1.6 

58 

149 

5.43  X 

2.89  X  10"’ 

5.27  X  10"'' 
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4.  Conclusion 

We  have  investigated  Fowler-Nordheim  tunnel¬ 
ing  injection  from  the  gate  or  from  the  substrate  in 
PMOS  capacitors  in  both  wet  and  dry  oxides.  We 
have  established  a  new  procedure  to  perform  accu¬ 
rately  the  measurements  of  the  magnitude  and  of 
the  centroid  of  the  different  charges  generated  dur¬ 
ing  FN  injection. 

We  have  demonstrated  the  asymmetry  of  the 
degradation  for  both  injection  polarities.  Both  in¬ 
jections  create  a  positive  and  a  negative  charge. 
When  the  injection  is  made  from  the  gate,  for  both 
oxides,  the  created  positive  charge  consists  of  trap¬ 
ped  holes  and  APC  situated  near  the  Si-Si02  inter¬ 
face.  When  the  injection  is  made  from  the  substrate 
the  positive  charge,  situated  near  the  Si-SiOa  inter¬ 
face,  consists  only  of  APC  for  both  oxides. 

Besides  for  the  dry  oxide,  when  the  injection  is 
from  the  substrate,  to  explain  the  results  satisfac¬ 
torily,  it  is  necessary  to  suppose  the  existence  of 
an  additional  positive  charge  near  the  poly-Si  gate. 

The  magnitude  and  the  centroid  of  the  negative 
charge  do  not  depend  on  the  injecting  electrode  but 


on  the  type  of  oxide.  In  the  wet  oxide,  its  magnitude 
is  twice  larger  and  its  centroid  further  away  from 
the  substrate  than  in  the  dry  oxide. 
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Abstract 

Using  C-V,  photoinjection  and  SIMS  techniques  the  processes  of  interfacial  defect  creation  and  changes  in  hydrogen 
containing  complexes  due  to  electron  injection  and  field  treatment  of  MOS  structures  were  compared.  It  is  shown 
that  interfacial  defects  are  formed  with  the  participation  of  hydrogen  whose  release  is  initiated  by  the  action  of  the 
field. 


1.  Introduction 

Processes  of  generation  of  electrically  active  de¬ 
fects  at  the  Si-Si02  interface  are  field  dependent, 
which  makes  it  possible  to  assume  that  correspond¬ 
ing  reactions  should  involve  hot  charge  carriers. 
However,  our  recent  results  [1]  have  shown  that 
creation  of  interfacial  defects  in  MOS  structures 
with  the  negative  charge  distributed  in  the  oxide 
could  occur  in  the  absence  of  injected  electron 
current.  Application  of  a  positive  voltage  to  the 
gate  electrode  proves  to  be  quite  sufficient.  The 
resulting  defect  concentration  reaches  almost  the 
same  value  as  in  the  corresponding  experiments 
with  injection.  This  fact  leads  us  to  search  for 
a  common  defect  formation  mechanism  associated 
with  the  direct  action  of  the  electric  field. 


*  Corresponding  author.  Tel:  +7-44265  3852.  Telefax:  +7- 
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2.  Experimental  procedure 

MOS  structures  with  thermally  grown  wet  oxide 
{d  =  240  nm)  and  semitransparent  NiCr  gate  elec¬ 
trodes  were  studied.  To  create  the  negative  charge 
distributed  within  the  oxide,  all  samples  were  illu¬ 
minated  for  a  short  time  by  a  mercury  tube.  The 
injection  level  was  kept  constant  by  variation  of  the 
gate  voltage  and  amounted  to  lxlO“^Acm“^. 
Then  some  of  the  samples  were  subjected  to  elec¬ 
tron  injection  (UV-illumination  with  a  constant 
positive  bias,  the  value  of  gate  voltage  Uq  varied 
within  17-343  V  range  from  sample  to  sample). 
Other  MOS-structures  were  subjected  to  field 
treatment  (applying  the  voltage  L/q  to  the  structure 
in  darkness). 

High-frequency  C-V  and  photocurrent-voltage 
characteristics  were  measured.  From  the  latter,  the 
negative  charge  captured  by  traps  in  the  oxide  bulk 
(2ot)  was  determined.  The  surface  state  density  at 
midgap  (Nd  was  figured  out  from  the  slope  of  the 
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C-V  curves,  surface  states  spectra  Ni{Us)  were  also 
calculated.  The  density  of  the  positive  charge  cap> 
tured  near  the  Si-Si02  interface  {Q  J  was  estimated 
from  the  shift  in  the  current-voltage  characteristics 
and  the  flat  band  variation,  accounting  for  the 
charge  accumulated  in  the  fast  surface  states.  The 
depth  distribution  of  the  secondary  ions  (SCI)  Si^, 
SiO^,  SiH^  and  SiOH^  was  measured  using  the 
SIMS  technique.  The  primary  beam  consisted  of 
single  charge  Ar'^  ions  (25  pAcm”^,  2  kV).  To  ana¬ 
lyze  the  results,  we  normalized  the  yield  values  of 
all  the  SCI  with  respect  to  that  of  Si"^  (N). 


3.  Results 

The  first  step  of  the  electron  injection  into  the 
oxide  of  MOS  structures  resulted  in  the  creation  of 
a  negative  charge,  pretty  uniformly  distributed  over 
the  Si02  layer,  with  its  density  0.7-2. 1 
xlO^^cm"^.  Density  of  the  fast  states  also  in¬ 
creased  within  the  whole  Si-gap  with  respect  to  the 
initial  structure  (Fig.  1,  curve  0)  up  to  the  value  of 
iVf  ^  2-5  X  10^^  eV"^cm“^  at  the  midgap  (Fig.  1, 
curve  T).  Almost  no  positive  charge  was  observed 
to  be  created  in  the  oxide  close  to  the  Si-Si02 
interface.  These  results  are  in  agreement  with  the 
known  data  [2,  3]. 

Subsequent  continuous  electron  injection  or  field 
treatment  of  such  MOS  systems  resulted  in  the 
following  effects:  a  positive  charge  was  built  up  at 
the  Si-Si02  interface;  the  density  of  the  fast  surface 
states  significantly  increased. 

Fig.  1  shows  the  changes  in  surface  state  spectra 
after  prolonged  photoinjection  (curve  1)  or  field 
treatment  (curve  2).  It  is  seen  that  surface  state 
density  increases  remarkably  within  the  whole  gap, 
and  the  peak  of  occurs  near  the  midgap.  These 
changes  are  almost  the  same  both  in  the  case  of 
injection  and  field  treatment. 

Fig.  2  demonstrates  the  kinetic  curves  git(r)  and 
ANt(t)  (where  the  value  of  AN^{t)  was  determined  at 
the  midgap  as  —  Nf)  for  the  samples  subjected 
to  electron  injection  or  to  field  treatment  (the  gate 
voltage  was  the  same  (Ug  =  24  V)  for  both  sam¬ 
ples).  It  is  seen  that  the  efficiency  of  Ni  and 
Qii  creation  was  approximately  the  same  in  the  case 
of  both  electron  injection  and  field  treatment. 


Fig.  1.  Spectra  of  fast  surface  states  for  initial  (0),  preliminary 
UV-irradiated  (!'),  subjected  to  electron  injection  (1)  and  field 
treated  (2)  MOS  structures.  Lines  are  drawn  as  guides  for  the 
eye. 


Fig.  2.  Kinetic  curves  of  (a)  and  2ii  (b)  for  the  case  of 
electron  injection  (triangles)  or  field  treatment  (squares).  The 
structures  were  initially  UV  illuminated  at  296  K 
(AFpB  =  16  V).  Lines  are  drawn  as  guides  for  the  eye. 

The  SiOH^  profiles  are  shown  in  Fig.  3.  The 
main  features  of  these  results  may  be  described  as 
follows.  In  the  initial  structures,  the  distribution  of 
SiOH  complexes  (curve  0)  is  characterized  by 
a  curve  rising  to  the  outer  interface,  with  its  shape 
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Fig.  3.  The  profiles  for  SiOH  ^/Si  ^ .  The  curves  0,  1  and  2  corres¬ 
pond  to  the  initial  sample,  the  structure  subjected  to  electron 
injection  and  the  sample  subjected  to  field  treatment 
(C/q  =  24  V),  respectively. 

being  in  qualitative  agreement  with  the  known  IR- 
spectroscopy  data  [4].  For  the  structures,  subjected 
to  electron  injection  or  to  field  treatment  (curves 
1  and  2,  respectively)  the  distribution  changes  dra¬ 
stically:  the  yield  of  SiOH^  substantially  decreases 
near  the  outer  interface,  while  an  increase  is  ob¬ 
served  near  the  internal  interface.  As  a  result,  in 
these  structures  the  distribution  of  SiOH^/Si^  is 
described  by  a  non-monotonic  curve. 

Field  treatment  of  the  initial  (non-illuminated) 
structures  or  those  illuminated  at  Vq  =  Q  (with 
a  small  negative  oxide  charge  in  Si02)  did  not  cause 
any  change  in  both  the  charge  and  surface  state 
density.  No  changes  in  the  parameters  and 
Qn  were  observed  after  electron  injection  or  after 
field  treatment  of  MOS  systems  at  80  K. 


4.  Discussion 

The  processes  responsible  for  the  creation  of  pos¬ 
itively  charged  defects  near  the  Si-Si02  interface 
(so-called  ‘anomalous  positive  charge’  -  APC)  and 
those  underlying  generation  of  the  fast  surface 
states  (FSS),  which  are  initiated  by  various  kinds  of 
electron  injection  have  been  studied  rather  thor¬ 
oughly  by  now.  It  was  also  pointed  out  that  the 
defect  mentioned  emerged  only  after  a  negative 
charge  had  been  built  into  the  oxide  of  MOS  struc¬ 
tures  [3,  5,  6],  In  our  case,  formation  of  APC  and 


FSS  as  well  as  redistribution  of  hydrogen-contain¬ 
ing  components  may  take  place  even  in  the  absence 
of  the  electron  injection  into  the  oxide  but  as  a  re¬ 
sult  of  the  field  treatment  itself.  However,  even  in 
this  case  the  effects  considered  occurred  only  in 
those  structures  where  a  negative  charge  had  been 
created  by  preliminary  UV-illumination. 

The  experiments  have  also  shown  that  the  effi¬ 
ciency  of  At  and  creation  was  approximately  the 
same  in  the  case  of  both  electron  injection  and  field 
treatment  (when  injection  current  is  absent)  de¬ 
pending  only  on  the  Uq  value.  Moreover,  in  both 
cases  the  same  redistribution  of  SiOH  complexes 
within  the  oxide  took  place.  Thus,  one  can  con¬ 
clude  that  processes  observed  are  field  induced 
ones. 

The  influence  of  the  negative  charge  in  the  pres¬ 
ence  of  a  positive  bias  on  the  distribution  of  the 
electric  field  strength  E  within  the  oxide  have  been 
studied  earlier  [5,  7].  It  was  shown  that  the  magni¬ 
tude  of  the  electric  field  strength  depends  on  the 
oxide  thickness  and  its  maximum  is  localized  at  the 
metal-Si02  interface.  Hence,  the  outer  interface  of 
the  oxide  is  the  region  where  the  probability  of  field 
stimulated  processes  is  at  its  maximum. 

Data  on  redistribution  of  SiOH  complexes  ob¬ 
tained  from  the  SIMS  measurements  are  of  special 
interest.  Their  distribution  changes  greatly  and 
most  significantly:  hydrogen-containing  complexes 
are  shifted  from  the  outer  interface  towards  the 
inner  one  (Fig.  3,  curves  1,  2).  It  is  obvious  that  such 
a  redistribution  may  result  only  from  SiOH  de¬ 
composition  in  the  outer  part  of  oxide,  hydrogen 
migration  to  the  Si-Si02  interface  and  its  interac¬ 
tion  with  the  Si02  lattice  there. 

The  results  obtained  can  be  interpreted  in  the 
framework  of  the  following  consideration.  Electron 
injection  into  the  oxide  of  MOS  structures  (first 
step  of  UV  illumination)  results  in  a  creation  of  the 
negative  oxide  charge.  If  its  density  is  high  enough, 
the  following  application  of  positive  bias  (under 
illumination  or  in  darkness)  leads  to  the  appear¬ 
ance  of  a  region  with  high  electric  strength  in  the 
oxide  layer  near  the  gate  electrode.  Here  the  field 
decomposition  of  SiOH  complexes  takes  place  ac¬ 
companied  by  proton  release  and  its  drift  to  the 
Si-Si02  interface.  Reaction  of  protons  with 
Si-O-Si  bonds  results  in  a  generation  of  interfacial 
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defects  (positively  charged  traps  and  fast  surface 
states). 

The  threshold  value  of  the  electric  field  strength, 
which  is  necessary  to  provide  the  reaction  of  proton 
release  was  estimated  to  amount  to 
1.3  MVcm"^  [7].  Therefore,  this  value  can  be 
regarded  as  the  limit  -  at  lower  fields  SiOH  de¬ 
composition  becomes  impossible.  It  is  interesting 
that  the  estimated  threshold  value  for  electric  field 
strength  during  the  defect-creation  process  induced 
by  hot  electron  injection  has  given  approximately 
the  same  value  of  £~1.5  MVcm"^  [8,9].  Such 
a  correlation  may  suggest  additional  evidence  for 
the  model  proposed  in  the  present  work. 

At  the  same  time,  the  treatment  of  initial  (nonil- 
luminated)  MOS  structures  with  bias  providing 
a  field  strength  exceeding  £  ^  1.3  MVcm"\  did 
not  give  rise  to  generation  of  defects.  Thus  one  may 
suppose  that  application  of  high  fields  is  an  essen¬ 
tial  rather  than  a  sufficient  condition  for  the  defect- 
creation  reaction.  Most  likely,  preliminary 
injection  of  electrons  was  necessary  not  only  for 
oxide  charging  but  also  for  some  structural  changes 
in  the  oxide  network;  for  example,  such  changes 
may  lead  to  the  formation  of  quasidefect  sites  which 
later  can  be  easily  transformed  into  stable  defects 
under  certain  conditions.  This  assumption  may  ap¬ 
ply  both  to  metal~Si02  (creation  of  weakened 
bonds  in  SiO-H)  and  to  Si-Si02  interfaces.  The 
latter  case  occurs  more  frequently  as  was  already 
discussed  in  our  earlier  papers  [3,  10].  In  particu¬ 
lar,  in  the  model  of  multistage  reaction  of  surface 
state  creation  [10],  along  with  participation  of  hy¬ 
drogen,  the  process  of  interface  Si-Si02  activation 
by  hot  electrons  was  introduced.  Active  sites  cre¬ 
ated  due  to  such  processes  interact  with  hydrogen 
and  give  rise  to  stable  electrically  active  centers. 


5.  Conclusions 

The  processes  of  interfacial  defect  formation  in 
MOS  structures  under  electron  injection  are  very 
similar  to  those  under  field  treatment  if  the  negative 
oxide  charge  was  previously  introduced  into  the 
oxide.  In  both  cases,  a  redistribution  of  SiOH  com¬ 
plexes  within  the  Si02  layer  also  takes  place  which 
is  an  evidence  for  hydrogen  migration  towards  the 
Si-Si02  interface  and  its  interaction  there  with 
Si-O  bonds.  Interfacial  defect  generation  is  a 
multistage  process.  The  stage  of  hydrogen  release 
is  field  assisted.  Electron  injection  results  in  an 
oxide  region  with  high  electric  field  strength  and, 
very  likely,  leads  to  activation  of  the  Si02-Si  inter¬ 
face. 
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Abstract 

Ramp  voltage,  V and  current  injection  stress,  experiments  were  used  to  compare  CMOS  capacitors  samples.  The 

respective  advantages  and  drawbacks  of  V and  measurements  are  shown  using  samples  of  different  quality  levels. 

A  Qbd  method  is  presented,  combining  a  very  short  current  ramping  followed  by  a  constant  current  stress  which  presents  the 
advantages  of  good  sensitivity  to  determine  as-born  and  early  failures  as  well  as  to  describe  the  intrinsic  distribution. 


1.  Introduction 

As  the  physical  dimensions  of  CMOS  devices  are 
reduced,  the  gate  dielectric  thickness  decreases 
leading  to  an  increase  of  the  oxide  field.  The 
Fowler-Nordheim  current,  due  to  the  tunnelling 
electrons  through  the  barrier,  increases  exponen¬ 
tially  with  the  oxide  field.  Degradation  due  to  this 
mechanism  may  become  preponderant  for  the  next 
CMOS  generations  using  ultra  thin  films. 

Furthermore,  Fowler-Nordheim  injection  stress 
experiments  are  increasingly  used  to  evaluate  the 
reliability  of  MOS  structures  in  both  research 
laboratories  and  in  industry.  For  a  long  time, 
ramp-voltage  experiments  (Fbd)  [1-4]  were  used  to 
measure  breakdown  distributions  from  low  field  to 
intrinsic  10  MV/cm  fields.  Tunnelling  experi¬ 
ments  (2bd)  [4-7]  are  now  more  widely  used 
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because  they  reveal  a  better  sensitivity  to  qualify 
MOS  structures.  Different  methods  have  been 
compared  using  constant  current  stress  (CCS)  or 
exponential  ramp  current  stress  (ERCS).  However, 
no  direct  comparison  between  and 

2bd  measurements  on  the  same  structures  is 
available  in  the  literature.  The  purpose  of  this  work 
is  to  perform  both  stress  experiments  on  adjacent 
structures,  and  critically  compare  the  respective 
advantages  and  drawbacks  of  Fbd  and  Qbd 
measurements. 


2.  Experimental  procedure 

The  MOS  capacitors  used  in  this  work  were 
prepared  on  100  mm  differently  doped  N-  or  P-well 
silicon  substrates  with  <  1  00  >  orientation.  After 
a  two-level  flow-chart,  including  LOCOS  and  gate 
definition,  or  after  a  complete  CMOS  dual-gate 
technology,  8-12  nm  gate  oxides  were  grown  in 
a  conventional  furnace  in  dry  oxygen  at 
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atmospheric  pressure  and  925°C.  The  thickness  of 
the  dielectric  films  was  measured  by  ellipsometry 
and  cross  checked  by  high-frequency  capacitance- 
voltage  measurement. 

All  measurements  were  carried  out  using 
a  Keithley  automatic  prober.  In  order  to  reduce  the 
measurement  time,  we  have  designed  a  special 
mask  where  all  MOS  capacitors  are  grouped  in  the 
same  die  localized  in  an  N  or  a  P  well.  Then,  this 
arrangement  allows  us  to  test  four  capacitors  in 
parallel.  All  the  structures  are  biased  (  +  or  —  )  by 
independent  sources  with  the  common  being 
connected  to  the  well  (N  or  P).  The  Kbd  and  current 
stress  experiments  are  monitored  by  a  VAX  6410 
and  the  RSI  /  ZOSR  software  was  used  for 
statistical  exploitation. 

The  number  of  capacitors  tested  was  in  a  range 
from  more  than  100  to  several  hundreds  for  each 
sample.  One  sample  can  be  anywhere  from  one  to 
24  wafers. 

In  our  work,  we  have  used  both  types  of 
breakdown  measurement  to  test  and  compare  each 
set  of  samples.  Half  of  the  capacitors  in  a  die  were 
tested  using  rapid-ramp  voltage  and  the  others 
using  current  injection  stress.  We  used  the  Weibull 
and  the  histogram  representations  to  draw  the 
statistical  distribution  of  each  sample. 


3.  Results  and  discussion 

i.7.  Methodology 

The  rapid  ramp  voltage,  measurement 

consists  in  applying  a  voltage  ramp  and  measuring 
the  breakdown  voltage  which  is  defined  as  the 
value  at  which  the  current  density  exceeds 
0.01  A/cm^.  Capacitors  are  in  accumulation.  We 
have  choosen  20  MV/cm  s  for  the  slope  of  the  ramp, 
in  order  to  reduce  measurement  time,  while 
retaining  a  good  sensitivity  of  the  Pbd  measure¬ 
ment. 

Our  gbd  measurement  consists  of  the  injection  of 
a  constant  current  density,  with  a  previous  current 
ramping  from  the  thousandth  of  this  nominal 
density  to  the  nominal  density  in  11  (Fig.  1).  The 
time-dependent  dielectric  breakdown  is  defined  as 
the  time  when  the  applied  voltage  decreases  more 
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Fig.  1.  measurement  for  8nm  capacitors. 


Injected  Charge  to  breakdown  C/cm2 
Fig.  2.  Weibull  representation  of 


than  20%  between  two  steps  of  measurement. 
Capacitors  are  again  in  accumulation. 

Fig.  2  shows  the  cumulative  failure  as  a  function 
of  gbd  measured  on  N'^MOS  structures  on  P-well 
substrates,  with  a  12nm  oxide,  following  injection 
from  the  gate  at  200mA/cm^.  The  area  of  the 
capacitors  tested  is  0.006  cm^. 


Cumulative  percentage 
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Three  populations  can  be  clearly  distinguished. 

(1)  As-born  defects  corresponding  to  the 
capacitors  which  were  not  able  to  reach  the 
Fowler-Nordheim  regime  (g^d  =  1  x  10”^C/cm^). 

(2)  Early  failures  corresponding  to  breakdown 
that  occurs  at  low  fluences,  failing  during  the 
ramping  current  (Qbd  <  0.1  C/cm“). 

(3)  Near-intrinsic  or  intrinsic  failures  correspon¬ 
ding  to  breakdown  during  constant  current  stress, 
with  fluences  ranging  from  0.1  up  to  20C/cm^  for 
the  oxide  thickness  used  here. 

Note  that  this  intrinsic  distribution  is  very  sharp 
with  a  good  resolution;  this  is  due  to  the  constant 
current  stress.  For  our  method  the  charge 
resolution  is  determined  by  the  time  step  which  is 
short  (500  ms)  and  constant.  On  the  other  hand,  for 
the  ERGS  method  the  charge  resolution  is  lower, 
because  the  current  is  quite  high  in  the  last  steps. 

These  results  show  that  our  method  that 
combines  a  very  short  current  ramping  followed  by 
a  constant  current  stress,  presents  the  advantages  of 
a  good  sensitivity,  to  determine  as-born  and  early 
failures  as  well  as  describe  the  intrinsic  distribution. 

Fig.  3  shows  the  charge  corresponding  to  50%  of 
breakdown,  for  different  gate  oxide  thicknesses,  as 
a  function  of  the  injected  current  density. 

We  observe  that  the  2bd5o%  decreases  slowly 
with  injected  current  density.  Flowever,  we  chose 


Injected  current  density  (mA/cm2) 


Fig.  3.  Intrinsic  charge  to  breakdown  as  a  function  of  the 
injected  current  density. 


our  nominal  current  densities  in  the  relatively  low 
current  regions  (;  =^200  m A/cm ^  for  120  A, 
/  =  100mA/cm“  for  80  A)  in  order  to  keep  a  good 
sensitivity.  As  a  matter  of  fact,  if  the  used  current 
density  is  too  high,  the  number  of  breakdown 
events  during  the  ramping  stage  becomes  higher, 
with  a  loss  of  sensitivity. 

3.2.  Comparison  between  and  measure¬ 
ments  in  the  case  of  'intrinsic'  samples 

Fig.  4  shows  the  Weibull  representations,  corres¬ 
ponding  to  two  slightly  diflferent  samples,  for  both 
measurements.  The  samples  are  different  in  the 
sense  that  the  active  area  was  etched  and  cleaned 
before  the  gate  oxide  growth.  The  area  of  the 
capacitors  tested  is  0.006  cm^;  the  oxide  thickness  is 
12nm. 

As  evidenced,  by  Fbd,  both  samples  show 
excellent  behaviour,  there  are  no  as-born  and  early 
failures,  so  the  Kbd  statistical  distributions  are  very 
close  to  10  MY/cm.  Hence,  using  such  a  method,  it 
is  not  possible  to  differentiate  between  the  samples. 

On  the  other  hand,  for  the  same  structures,  the 
2bd  experiment  shows  marked  contrast  between  the 
samples;  it  magnifies  the  differences.  This  illustrates 
a  well-known  advantage  of  such  current  stress 
experiments,  which  highlights  the  weaknesses  in  the 
MOS  structures,  in  the  bulk  oxide  or  at  the 
interfaces.  In  the  case  presented  here,  the  defects  are 
localized  in  the  bird's-beak  region.  This  region  has 
been  denuded  by  a  strong  etch  prior  to  gate 
oxidation.  The  oxide  has  grown  in  a  non-planar 
region.  This  kind  of  defects  does  not  affect  the 
breakdown  voltage  because  oxide  thickness 
remains  uniform,  but  alters  intrinsic  part  of  the 
2bd  distribution.  This  is  certainly  due  to  the  field 
enhanced  injection  in  the  regions  with  rough 
interfaces. 

3.3.  Comparison  between  and  measure¬ 
ments  in  the  case  of  'extrinsic'  samples 

The  histogram  representations  (Fig.  5)  show  for 
very  poor  quality  MOS  capacitors,  the  statistic  of 
breakdown  for  both  measurements.  The  area  of  the 
capacitors  tested  is  0.006  cm^;  the  oxide  thickness  is 
12nm. 


NJumbGr  Log(-Log(i-pcLim)) 
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In  this  case,  we  observe  a  large  population  of 
extrinsic  defects.  We  can  clearly  distinguish  three 
groups  of  failures  in  the  Kbd  histogram:  Group  1 
corresponds  to  the  as-born  defects  (near  zero 
breakdown  voltage),  Group  2  to  the  early  failures 
(breakdown  occurs  for  £bd<4MV/cm)  and  the 
third  to  intrinsic  breakdown  (£bd  ^  10  MV/cm). 

Examination  of  Fig.  5  (right),  the  results  of 
2bd  experiments  provide  very  little  information. 
Most  of  the  capacitors  (Group  A)  have  broken 
down  at  very  low  fluences  ( 70%  at 
Qinj  <  0.1  C/cm^).  We  remark  that  this  percentage 
corresponds  exactly  to  the  sum  of  the  Groups  1  and 
2  in  the  Fbd  histogram. 

In  such  a  situation,  where  devices  are  of  poor 
quality,  the  current  stress  experiment  is  too  severe 
to  distinguish  as-born  and  early  defects.  From  this 
result,  we  can  also  conclude  that  all  immediate 
failures  in  Qbd  experiment  correspond  to  the  total 
events  which  occur  before  7  MV/cm  in  the  Fbd  one. 

In  the  case  for  poor-quality  samples,  the  number 
of  events  in  the  intrinsic  region  (Group  B)  is  too  low 
to  give  valuable  information.  The  magnifying  effect 
of  the  Qbd  measurement,  in  this  case,  causes  a  loss  of 
sensitivity. 


4.  Conclusions 

We  have  shown  that  the  percentage  of  as-born 
defects  measured  by  current  stress  corresponds 
mainly  to  the  percentage  of  failure  events  in  the 
field  range  from  zero  and  7  MV/cm  as  measured  by 
Fbd-  Slight  differences  between  good  quality  oxides 


cannot  be  highlighted  by  Fbd  experiment,  especially 
in  the  field  region  around  10  MV/cm  (intrinsic 
breakdown). 

The  only  advantage  of  Fbd  experiment  has  been 
found  for  poor-quality  samples.  Fbd  experiment 
should  then  preferably  be  used,  for  newer 
unstabilized  technologies. 

On  the  other  hand,  current  stress  experiments 
should  preferably  be  used  to  evaluate  the  time- 
dependent  breakdown  of  stabilized  technologies.  In 
this  case,  we  have  shown  that  our  Qbd  method 
combining  a  very  short  current  ramping  followed 
by  a  constant  current  stress  presents  the 
advantages  of  a  good  sensitivity,  together  to 
determinate  as-born  and  early  fails  but  also  to 
describe  the  intrinsic  distribution. 
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Abstract 

As  is  well  known,  the  application  of  gate-voltage  stresses  in  conjunction  with  high  source-drain  voltages,  modifies 
the  electrical  characteristics  of  polycrystalline  silicon  thin  film  transistors.  In  particular  negative  gate-voltage  stresses  on 
n-channel  devices  usually  reduce  both  the  leakage  current  and  the  transconductance.  In  this  paper  a  complete  analysis  of 
hot  carrier  effects  induced  by  different  gate-bias  stresses  at  high  is  presented  and  discussed  in  terms  of  trap  and 
interface  state  creation.  It  is  shown  that  in  certain  stress  regimes  the  leakage  current  can  be  reduced  without  the 
accompanying  transconductance  degradation. 


1.  Introduction 

Hot  carriers  phenomena  are  likely  to  occur  in 
polycrystalline  silicon  (polysilicon)  thin  film  tran¬ 
sistors  (TFTs),  employed  in  driving  circuits  where 
supply  voltages  can  be  relatively  high.  It  is  there¬ 
fore  important  to  investigate  the  hot  carrier  effects 
in  order  to  determine  the  long-term  reliability  of 
polysilicon  TFTs.  Indeed,  the  application  of  pro¬ 
longed  bias  stress  in  n-channel  TFTs,  operated  at 
high  and  different  Kg,  can  greatly  affect  the 
transconductance  as  well  as  the  off-current  [1]. 
It  has  already  been  shown  that  these  effects  can  be 
related  to  hot  hole  injection  in  the  dielectric,  due  to 
the  presence  of  a  high  electric  field  in  the  region 
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near  the  drain  junction.  On  the  other  hand  it  is  well 
known  that  hot  holes  injection  in  c-Si  n-channel 
MOSFCTs  causes  the  creation  of  trap  centres  in 
the  oxide  and  interface  states.  [2]. 

In  this  paper  we  report  an  interesting  effect  in¬ 
duced  by  prolonged  negative  bias  stress.  In  particu¬ 
lar  the  leakage  current  can  be  reduced  by  up  to  two 
orders  of  magnitude,  without  any  appreciable 
change  of  the  ‘on’  characteristics.  Furthermore, 
a  complete  analysis  of  the  hot  carrier  effects  in¬ 
duced  by  different  gate-bias  stresses  at  high  K^s  is 
presented. 


2.  Device  fabrication 

The  polysilicon  TFTs  used  in  the  experiments 
have  been  fabricated  according  to  a  classical  pro¬ 
cedure,  using  a  four  mask  sequence  (active  layer, 
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gate  conductor,  contact  opening,  aluminium  source 
and  drain  metallisation).  The  doping  of  the  source 
and  drain  regions  was  performed  by  self-aligned 
ion  implantation  of  phosphorous. 

Special  attention  has  been  devoted  to  obtaining 
a  high  quality  active  layer  and  gate  oxide.  For  this 
purpose,  the  amorphous  precursor  was  deposited 
by  LPCVD  in  an  ultraclean  reactor  (ultrahigh  vac¬ 
uum  reactor  atmosphere)  equipped  with  point-of- 
use  gas  purifiers  [3].  This  has  allowed  us  to  control 
impurity  incorporation  into  the  deposited  films  to 
around  ppm  levels  (C  and  O  concentrations  as 
determined  by  SIMS  are  below  10^^  cm""^),  parti¬ 
cularly  when  disilane  (Si2H5)  is  used  as  the  source 
gas  at  a  deposition  pressure  of  about  1  Torr  [3]. 
Moreover,  the  use  of  Si2H6  has  also  allowed  us  to 
obtain  very  large  grain  sizes  (up  to  3  pm  for  film 
thickness  below  100  nm)  after  solid  phase  crystal¬ 
lisation  at  typically  580"'C  [4]. 

The  gate  dielectric  (Si02)  was  deposited  by 
distributed  electron  cyclotron  resonance  plasma 
enhanced  chemical  vapour  deposition  (DECR- 
PECVD)  at  floating  temperature  and  without  bias¬ 
ing  the  substrate.  In  such  conditions,  we  were  able 
to  obtain  resistivity  values  above  10^^  Q  cm,  criti¬ 
cal  fields  around  5  MV  cm“  ^  and  an  interface  trap 
density  at  mid-gap  of  3  x  10^^  cm  "eV"  ^  on  (1  00) 
Si  substrates  [5]. 

With  the  above  combination  of  clean  polysilicon 
and  DECR  oxide,  we  obtain  field  effect  mobility 
values  of  70  cm^  V~  ^  s“  ^  without  a  post-hydrogen- 
ation  treatment  and  with  a  maximum  processing 
temperature  of  SSO'^C  [6].  The  leakage  current  of 
the  as-fabricated  non-hydrogenated  devices  is  still 
high,  but  as  will  be  shown  below,  it  can  be  drasti¬ 
cally  reduced  by  simple  electrical  stresses,  without 
appreciable  alteration  of  the  on-current. 


3.  Results  and  discussion 

In  Fig.  1  the  transfer  characteristics,  /d-Fg,  are 
shown  for  different  Fds^  before  and  after  bias  stress¬ 
ing  for  12  h  at  Fg  =  —  15  V  and  Fd^  —  20  V.  As  can 
be  seen  the  main  effect  is  a  considerable  reduction 
in  the  off-current,  more  evident  at  Fds  =  10  V.  The 
off-current  reduction  is  better  evidenced  in 
Fig.  2  where  the  drain  current  /ds  is  plotted  as 


Fig.  1.  Drain  current  as  a  function  of  gate  voltage  Fg,  for 
dificrcnt  source-drain  voltages  F^s  (Fj,  =  0. 1  V  (O);  F^^  =  I  V 
(□);  =  10  V  (O))  measured  before  (continuous  line)  and  after 

(dashed  line)  bias  stressing  for  12  h  at  Fj^  =  20  V  and 
Fg  =  —15  V.  The  channel  width  is  fF  =  20  )am,  the  channel 
length  is  L  =  5  gm.  Lines  are  drawn  as  a  guide  for  the  eye. 


Fig.  2.  Drain  current  versus  source-drain  voltage  F^^^  meas¬ 
ured  at  fixed  gate  voltage  =  12  V  (off-state)  before  (•)  and 
after  (O)  bias  stressing  for  12  h  at  Fg  ^  —  15  V  and  F^^  ^  20  V. 
Lines  are  drawn  as  a  guide  for  the  eye. 


a  function  of  Fd^  for  fixed  Fg  ^  —  12  V  (off-state). 
As  can  be  observed  a  reduction  of  about  two  orders 
of  magnitude  can  be  achieved.  As  is  well  known,  the 
off-current  in  polysilicon  TFTs  at  high  Fds  depends 
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on  field  enhanced  generation  mechanisms.  There¬ 
fore  the  off-current  reduction  has  to  be  related  to 
a  reduction  in  the  local  electric  field.  This  may  be 
due  to  the  presence  of  positive  charges  at  the  ox¬ 
ide/semiconductor  interface  that  partially  screen 
the  negative  charges  on  the  gate  electrode.  The 
build-up  of  positive  charges  in  the  gate  oxide  can 
arise  from  hot-hole  injection  in  the  region  near  the 
drain  where,  due  to  the  presence  of  high  electric 
fields,  carriers  may  gain  enough  energy  to  be  injec¬ 
ted  into  the  oxide.  In  some  respects,  the  presence  of 
positive  injected  charge  produces  the  same  situ¬ 
ation  as  the  one  occurring  in  field  induced  drain 
(FID)  structures,  which  are  used  in  order  to  reduce 
the  leakage  current  [8]. 


Vs  (V) 


Fig.  3  (a)  Relative  transconductance  variation,  AGm/Gm,  versus 
stressing  gate  bias  after  stressing  for  12  h  at  fixed  source- 
drain  voltage  Fis  —  20  V  (each  point  is  relative  to  a  different 
sample).  Lines  are  drawn  as  a  guide  for  the  eye.  (b)  Variation  of 
(log  f  —  log  If)  versus  stressing  gate  bias  where  7;  and  If  are 
the  off-current  measured  at  Fg  =  —  12  V  and  Vds=  10  V,  before 
and  after  bias  stressing  for  12  h  at  Fds  =  20  V,  respectively  (each 
point  is  relative  to  a  different  sample). 


In  Figs.  3(a)  and  (b)  the  relative  variation  of  the 
transconductance  AGf^/G^  (where  AG^,  =  G^  — 
Gf,  with  Gm  and  Gf  the  before  and  after  stress 
transconductance,  respectively)  and  the  variation  of 
the  leakage  current  A/^ff  =  (log  f  —  log  /f)  (where 
G  and  If  are  the  off-currents  measured  at 
Fg  =  —  12  V  and  Fds  =  10  V  before  and  after  stress 
respectively),  after  stressing  for  12  h  at  Fds  =  20  V, 
are  shown  as  a  function  of  stressing  gate  bias  V^. 
From  the  data  in  Fig.  3(a)  three  regions  can  be 
distinguished. 

(1)  Fs>0V.  In  this  case  the  transconductance 
variations  resemble  those  observed  in  n-channel 
c-Si  MOSFETs.  The  degradation  increases  with 
Fs  with  a  maximum  at  F^  =  Fds/2  and  can  be  re¬ 
lated  to  the  generation  of  acceptor-like  interface 
states  [9].  Furthermore,  as  F^,  increases  in  this 
region,  the  off-current  increases  too,  due  to  electron 
injection  near  the  drain  junction.  A  negative  inter¬ 
face  charge,  indeed,  increases  the  local  electric  field, 
leading  to  an  increase  of  the  off-current. 

(2)  —  20  V  <  Fs  <  0  V.  In  this  region  the  off- 
current  is  significantly  reduced  due  to  hot-hole 
injection,  as  already  discussed.  This  off-current  re¬ 
duction  is  accompanied  by  only  a  very  small 
Gm  degradation.  This  suggests  that  hot-hole  injec¬ 
tion  mainly  causes,  in  this  bias  regime,  the  forma¬ 
tion  of  oxide  hole  traps  that  are  charged  positively 
during  the  bias  stress  [7].  It  is  important  to  note 
that  for  ~  20  V  <  Fs  <  —  10  V  the  off-current 
after  stress  can  be  reduced  by  up  to  two  orders  of 
magnitude  without  any  appreciable  degradation  in 
Gn,(<5%). 

(3)  K  <  —  20  V.  At  these  stresses,  F^,  a  dramatic 
degradation  in  G^  occurs,  along  with  off-current 
reduction.  The  onset  of  G^  degradation  coincides 
with  the  increase  in  the  gate  leakage  current,  as 
shown  in  Fig.  4,  where  the  gate  leakage  current  is 
measured  as  a  function  of  Fg  for  fixed  F^s  =  20  V. 
The  gate  leakage  current  is  likely  to  be  due  to 
electrons  injected  by  the  Fowler-Nordheim  mecha¬ 
nism  from  the  polysilicon  gate  into  the  oxide. 
Therefore  the  transconductance  degradation  could 
be  explained  in  terms  of  interface  state  generation 
caused  by  electron-hole  recombination  at  the  insu¬ 
lator/semiconductor  interface,  as  proposed  by  Lai 
[10].  In  particular  we  suggest  that  Si-O  strained 
or  weak  bonds  at  the  insulator/semiconductor 
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Fig.  4.  Gate  leakage  current  as  a  function  of  gate  voltage  F^, 
measured  at  fixed  =  20  V.  Lines  are  drawn  as  a  guide  for  the 
eye. 

interface  can  be  broken  by  the  energy  released  by 
the  electron-hole  recombination  process.  The  oxy¬ 
gen  atom  may  move  to  a  lower  strain  position.  As 
a  consequence,  a  neutral  oxide  trap,  that  can  be 
positively  charged  during  the  negative  bias  stress, 
and  a  singly  occupied  silicon  dangling  bond,  acting 
as  an  acceptor-like  state,  are  formed  at  the  insula¬ 
tor/semiconductor  interface. 


4.  Conclusions 

In  this  work  we  have  shown  that  hot-hole 
injection  in  polysilicon  TFTs  produces  two  effects: 
off-current  reduction  and  transconductance  degra¬ 
dation,  with  the  two  effects  not  necessarily  occur¬ 
ring  concomitantly.  Off-current  reduction  has  to  be 
related  to  the  formation  of  oxide  traps  that  are 
charged  positively,  while  the  degradation  is 
thought  to  be  due  to  the  formation  of  oxide  traps 
and  acceptor-like  interface  states.  The  formation  of 
interface  states  strongly  depends  on  the  simulta¬ 
neous  presence  at  the  interface  of  holes  and  elec¬ 
trons.  The  latter  may  reach  the  interface  after  injec¬ 


tion  from  the  polysilicon  gate,  as  suggested  by  the 
increase  in  the  gate  leakage  current.  On  the  other 
hand  it  is  worth  pointing  out  that,  in  the  stressing 
gate  voltage  range  between  —  20  V  <  1/  <  — 
10  V,  it  is  possible  to  induce  a  large  reduction  in  the 
off-current,  without  any  appreciable  degradation  in 
transconductance,  since  in  this  bias  regime  the  in¬ 
jection  mainly  causes  the  formation  of  oxide  inter¬ 
face  traps  that  are  charged  positively  during  the 
stress.  Due  to  the  marginal  transconductance  re¬ 
duction,  this  effect  could  be  effectively  used  in  order 
to  reduce  the  leakage  current  of  these  devices  and 
make  them  attractive  as  pixel  switches  in  active 
matrix  liquid  displays. 
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Abstract 

The  1//  noise  and  radiation  response  of  MOS  transistors  have  been  compared.  A  strong  correlation  is  found  between 
the  pre-  and  post-irradiation  noise  of  the  transistors  and  their  threshold-voltage  shifts  due  to  radiation-induced 
oxide-trap  charge.  It  is  inferred  that  the  noise  is  caused  by  a  subset  of  the  oxide  traps,  which  is  referred  to  as  ‘border  traps’. 
These  defects  are  near-interfacial  oxide  traps  which  can  communicate  with  the  Si  on  the  timescales  of  the  measurements, 
and  have  been  mistaken  for  interface  traps  in  some  previous  work  on  1//  noise  and/or  radiation  effects  on  MOS  devices. 
Comparisons  of  electron-paramagnetic-resonance  and  radiation-effects  studies  offer  compelling  evidence  that  radiation- 
induced  oxide-trap  charge  is  associated  with  oxygen-deficient  centers  (oxygen  vacancies  and  vacancy  complexes)  near  the 
Si/Si02  interface.  It  is  concluded  that  these  same  defects  also  enhance  the  1// noise  of  MOS  transistors,  which  should  help 
to  resolve  the  long-standing  debate  on  the  origin  of  MOS  noise.  Independent  estimates  of  radiation-induced  border-trap 
charge  densities  using  a  dual-transistor  technique  that  combines  threshold-voltage  and  charge-pumping  measurements 
agree  well  with  1//  noise  estimates. 


1.  Introduction 

1// fluctuations  are  a  common  feature  of  glassy 
electronic  systems  [1-5].  Perhaps  the  most  studied 
of  these  is  the  MOS  transistor,  where  the  conduc¬ 
tion  properties  are  determined  to  a  large  extent  by 
the  quality  of  the  amorphous,  thin-film  Si02  layer 
used  to  passivate  the  Si  channel  surface  and  to 
insulate  the  gate  from  the  channel.  Defects  in  the 
oxide  and  at  the  Si/Si02  interface  can  play  a  crucial 
role  in  determining  MOS  quality,  performance, 
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reliability,  and/or  radiation  hardness  [6,7].  After 
many  years  of  controversy  in  which  alternate  ex¬ 
planations  were  also  explored  (e.g.,  carrier-phonon 
scattering  [8,9]  and  quantum  fluctuations  [9-11]), 
it  now  seems  clear  that  much,  if  not  all,  of  the  1// 
noise  typically  observed  in  MOS  transistors  is 
caused  by  channel  carrier-number  and/or  mobility 
fluctuations  associated  with  similar  defects 
[12-15].  That  MOS  devices  historically  have 
shown  larger  levels  of  low-frequency  excess  (1/f) 
noise  than  some  other  types  of  electronic  devices 
(e.g.,  JFETs)  has  been  attributed  to  the  amorphous 
gate  insulator  and  its  associated  traps.  Uncertainty 
in  the  type  and  location  (oxide  versus  interface)  of 
the  specific  defects  that  cause  the  noise  has  made  it 


0022-3093/95/$09.50  ©  1995  -  Elsevier  Science  B.V.  All  rights  reserved 
SSDI  0022-3093(95)00138-7 


200 


D.M.  Fleetwood  el  al.  /  Journal  of  Non-Cfystalline  Solids  187  (1995)  199  205 


difficult  to  optimize  MOS  processing  to  reduce 
low-frequency  noise  levels.  This  has  limited  the 
semiconductor  industry’s  ability  to  design  MOS 
devices  or  circuits  for  low-noise  applications  at 
frequencies  below  ^1-100  kHz. 

In  this  paper,  work  will  be  briefly  reviewed  that, 
over  the  last  six  years,  has  compared  the  low-fre¬ 
quency  l//noise  of  MOS  transistors  manufactured 
with  commercial-like  and  radiation-hardened  gate 
oxides.  It  is  found  that  techniques  that  reduce  the 
amount  of  bulk-oxide-trap  and/or  'border-trap’ 
[16]  charge  in  irradiated  MOS  transistors  can  also 
proportionally  reduce  the  magnitude  of  the  1// 
noise  of  both  unirradiated  and  irradiated  devices. 
MOSFETs  built  in  a  radiation-hardened  process 
can  show  1//  noise  levels  (before  irradiation)  up  to 
a  factor  of  10  or  more  lower  than  standard  com¬ 
mercial  MOS  transistors  of  comparable  dimen¬ 
sions  [17,18].  After  irradiation,  this  difiference  can 
become  even  greater.  Our  quietest  MOS  transistors 
are  beginning  to  approach  the  low  noise  levels  of 
JFETs  [18,19].  We  have  also  found  that  1//  noise 
measurements  appear  very  promising  as  candidates 
for  providing  the  first  non-destructive  test  for  the 
radiation  hardness  of  MOS  devices  [20],  which  is 
potentially  of  great  significance  to  many  space, 
military,  nuclear  reactor,  and  high-energy  particle 
accelerator  applications.  Due  to  manuscript  length 


limitations,  only  a  portion  of  the  principal  results 
will  be  presented  here;  the  reader  is  directed  to  Refs. 
[16-18,  20-35]  for  additional  details. 


2.  Comparison  of  noise  and  radiation  response 

The  first  set  of  experiments  we  discuss  was  per¬ 
formed  to  see  whether  there  is  a  correlation  be¬ 
tween  the  1// noise  of  unirradiated  MOS  transis¬ 
tors  and  the  radiation-induced  buildup  of  oxide- 
and/or  interface-trap  charge  in  these  devices.  Fig.  1 
shows  the  key  result.  Here  we  plot  the  room-tem¬ 
perature  normalized  noise-power,  K,  as  a  function 
of  MOS  transistor  threshold-voltage  shifts  due  to 
radiation-induced  oxide-trap  charge,  AF^t,  for 
MOS  transistors  fabricated  in  the  same  lot  but  with 
different  gate  oxidation  and  post-oxidation  anneal¬ 
ing  steps  [17,21].  Most  notably,  processes  D-E  of 
Fig.  1  received  a  high-temperature,  30  min  N2 
post-oxidation  anneal  that  processes  A-C  did  not 
receive,  as  discussed  in  detail  in  Refs.  [17,18,21]. 
Here 

(1) 

is  the  noise  magnitude  expressed  such  a  way  that 
the  drain-  and  gate-voltage  dependencies  are  nor¬ 
malized  out  [15,20,32].  S^.  is  the  excess  drain- 


Fig.  1.  Normalized  noise  magnitude  of  unirradiated  MOS  transistors  as  a  function  of  radiation-induced  threshold-voltage  shifts  due  to 
oxide-trap  charge  following  100  krad  (Si02)  irradiation  with  Co-60  gamma  rays  at  an  electric  field  of  ^^3  MV/cm.  (After  Ref.  [17].) 
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voltage  noise-power  spectral  density  (where  the 
zero-current  background  noise  of  the  device  and 
system  have  been  subtracted  out  [21]),  Kg  and 
Kd  are  the  gate  and  drain  voltages  applied  during 


Fig.  2.  Threshold-voltage  shifts  due  to  oxide-trap  and  interface- 
trap  charge  (top)  and  normalized  noise  power  (bottom)  as  a 
function  of  irradiation  and  anneal  time  for  nMOS  transistors  with 
moderately  hard  48  nm  gate  oxides.  Irradiations  were  performed  at 
room  temperature;  anneals  were  performed  at  80°C.  All  measure¬ 
ments  were  performed  at  room  temperature.  (After  Ref  [22].) 


the  noise  measurements,  Vth  is  the  transistor  thre¬ 
shold-voltage,  and  /  is  the  frequency.  A  clear  cor¬ 
relation  is  demonstrated  in  Fig.  1  between  the  pre¬ 
irradiation  l/f  noise  and  the  post-irradiation  oxide- 
trap  charge.  No  such  correlation  is  observed  with 
the  threshold-voltage  shift  due  to  interface-trap 
charge,  AKjt  [17,18,21].  The  results  of  Fig.  1  suggest 
that  (1)  processes  that  reduce  radiation-induced 
oxide-trap  charge  also  reduce  the  noise  of  unir¬ 
radiated  transistors  [17,18,33],  and  (2)  l/f  noise 
measurements  made  before  irradiation  often  can 
predict  oxide  charge  trapping  after  irradiation 
[17,20,21,33].  Heretofore,  a  non-destructive  electrical 
method  to  predict  AKot  was  not  available  [21,33]. 

Fig.  2  shows  the  results  of  a  second  study,  in 
which  the  buildup  and  annealing  of  l/f  noise 
through  an  irradiation  and  annealing  sequence  is 
compared  to  radiation-induced  oxide-  and  inter¬ 
face-trap  charge  [22,23].  No  attempt  was  made  to 
separate  out  border-trap  effects  at  this  point.  Dur¬ 
ing  irradiation,  both  AKot  AK^t,  as  well  as  the 
noise,  increase  in  magnitude.  So,  from  the  left-hand 
side  of  Fig.  2  or  most  other  similar  studies  of  irra¬ 
diated  or  similarly  (e.g.,  hot-carrier)  stressed  devi¬ 
ces,  it  is  difficult  merely  from  ‘stress  versus  dura¬ 
tion’  data  to  tell  what  type  of  defect  is  responsible 
for  the  observed  noise.  When  the  transistors  are 
subjected  to  a  high-temperature  annealing  se¬ 
quence,  however,  the  magnitudes  of  the  oxide-trap 
charge  and  the  noise  both  decrease  significantly, 
while  the  interface-trap  charge  remains  constant. 
Moreover,  in  Fig.  3  it  is  shown  that  the  noise  goes 


Fig.  3.  Drain- voltage  noise-power  spectral  density  as  a  function  of  for  the  irradiation  and  annealing  sequence  of  Fig.  2.  (After  Ref. 
[22].) 
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up  as  the  magnitude  of  AKot  increases  during  ir¬ 
radiation,  and  comes  down  the  same  curve  as  the 
magnitude  of  AKot  decreases  during  annealing. 
Thus,  Figs.  1-3  strongly  suggest  that  the  noise  of 
unirradiated  or  irradiated  devices  is  more  closely 
associated  with  oxide  traps  than  interface  traps. 

3.  Defects  in  thin-film  Si02 

Fig.  4  schematically  illustrates  the  two  principal 
defects  that  have  been  identified  in  electron-para¬ 
magnetic-resonance  studies  of  amorphous,  ther¬ 
mally  grown,  thin-film  Si02.  Fig.  4(a)  shows  the 
classic  Ey  center,  which  is  a  hole  trapped  at  an 
oxygen  vacancy  [26-28,31,36];  and  Fig.  4(b)  shows 
the  £5  center,  a  defect  only  recently  observed  in 
thermal  Si02,  which  has  been  ascribed  to  a  Si 
interstitial/oxygen  vacancy  complex  [26-28,31,37]. 
The  most  important  point  to  note  here  is  that 
excess  Si  and/or  oxygen  deficiency  in  the  Si02  is 
associated  with  each  center,  emphasizing  the  cru¬ 
cial  role  of  oxygen  vacancies  in  MOS  hole-injection 
or  radiation  response  [26,31]. 

In  recent  work,  a  model  has  been  developed  to 
predict  the  density  of  oxygen  vacancies  in  Si/ 
Si02/Si  structures  [26-28,31]  subjected  to  the 
kinds  of  high-temperature  anneals  commonly  per¬ 
formed  after  the  gate  oxidation  step  in  MOS  tran¬ 
sistor  processing  [17,34].  These  anneals  are  known 
to  strongly  affect  MOS  radiation  response  and  1// 
noise  [17,20].  The  model  presumes  that  oxygen 
vacancies  are  created  by  O  diffusing  out  of  the 
oxide  and  into  the  Si  substrate  or  polycrystalline  Si 
(as  O  interstitials)  [26,31].  The  driving  force  for  this 
process  is  simply  the  chemical  potential  difference 
of  the  O  in  the  Si02  and  Si  substrate.  A  semi- 
quantitative  estimate  of  O  vacancy  profiles  in  the 
oxide,  obtained  by  applying  Tick’s  law  of  diffusion 
to  a  model  Si/Si02  boundary  system  [26,31],  is 
shown  in  Fig.  5  for  non-oxidizing  post-gate  anneals 
from  800  to  lOOO^C.  With  increasing  anneal  tem¬ 
perature,  more  oxygen  vacancies  are  formed  deeper 
in  the  oxide.  Integrating  the  O  vacancy  profiles  in 
Fig.  5,  and  calculating  equivalent  threshold-voltage 
shifts  due  to  charged-oxygen  vacancies  (assuming 
that  during  irradiation  or  hole  injection  each  O  va¬ 
cancy  captures  a  single  hole),  one  can  assess  the 


Fig.  4.  Schematic  illustrations  of  two  oxygen-deficient  centers 
observed  during  electron-paramagnetic-resonance  studies  of 
amorphous  thin-film  Si/Si02  structures:  (a)  £'  and  (b)  Ef  (After 
Refs.  [26,31].) 


Fig.  5.  Oxygen  vacancy  profiles  in  the  oxide  near  the  Si/Si02 
interface  predicted  using  a  simple  diffusion  model  for  30  min, 
high-temperature  post-oxidation  anneals  of  Si/Si02/Si  struc¬ 
tures  in  an  inert  ambient.  Depth  =  0  is  the  Si/Si02  interface. 
(After  Ref.  [31].) 

impact  of  oxygen  deficiency  on,  for  example,  MOS 
radiation  response.  This  is  shown  in  Fig.  6,  where 
the  model  results  are  compared  to  experimental 
data  on  irradiated  MOS  capacitors  from  Ref.  [34]. 
That  the  model  overpredicts  the  observed  shifts  is 
not  surprising,  given  (1)  its  approximate  nature  and 
(2)  that  not  every  trap  in  the  oxide  will  capture  a 
hole  after  1  Mrad  irradiation  (well  below  saturation 
of  charge  trapping  in  these  oxides).  Nevertheless, 
the  agreement  between  the  effect  of  the  post-oxida¬ 
tion  anneals  on  the  density  of  vacancies  and  the 
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density  of  radiation-induced  trapped-oxide  charge 
indicated  by  Fig.  6  is  quite  dramatic,  and  strongly 
suggests  that  oxygen  deficiency  leads  to  enhanced 
radiation-induced-hole  trapping.  Because  similar 
enhancement  of  1/f  noise  is  also  caused  by  such 
annealing  treatments  (Refs.  [17,18,21]  and  Fig.  1), 
we  conclude  that  increasing  the  density  of  oxygen 
vacancies  in  the  SiOa  increases  MOS  1// noise. 

That  simple  oxygen  vacancies  or  vacancy  com¬ 
plexes  may  not  be  the  complete  story  is  suggested 


Fig.  6.  Measured  (squares,  right-hand  scale)  and  predicted 
shift,  A  Fox  (circles,  left-hand  scale),  due  to  oxygen  vacancies 
using  the  model  of  Fig.  5  for  MOS  capacitors  exposed  to  30  min 
post-oxidation  anneals  at  varying  temperature.  The  data  are  for 
1  Mrad(Si02)  X-ray  irradiations  of  capacitors  with  45  nm  ox¬ 
ides  at  ^2  MV/cm  from  Ref.  [34],  and  the  mode!  predictions 
are  from  Ref.  [31]. 


by  Fig.  7,  in  which  it  is  shown  that  increasing  the 
amount  of  hydrogen  (present  during  high-temper- 
ature  anneals)  in  the  MOS  processing  sequence  can 
also  increase  radiation-induced  oxide-  and  inter¬ 
face-trap  charge  [35].  It  would  certainly  be  inter¬ 
esting  to  perform  a  similar  study  on  MOS  transis¬ 
tors  in  which  the  effects  of  hydrogen  on  MOS  noise 
could  also  be  assessed. 


4.  Border-trap  model 

Because  of  the  timescales  involved  in  typical  1// 
noise  measurements  (generally  '^O.l  Hz  to  100  kHz 
or  so),  not  all  of  the  oxide  traps  can  fluctuate  in 
occupancy  during  the  measurement  interval  and 
thereby  contribute  to  the  noise.  Instead,  only  those 
oxide  traps  close  enough  to  the  Fermi  level  in 
energy  and  near  enough  spatially  to  the  Si  channel 
can  do  so.  On  the  other  hand,  the  timescales  for 
interface  traps  to  communicate  with  the  Si  evident¬ 
ly  are  too  fast  for  them  to  contribute  significantly  to 
the  1//  noise  [22-24],  except  perhaps  in  unusual 
circumstances  [38].  Thus,  it  seems  that  much,  if  not 
all,  of  the  typical  low-frequency  1//  noise  observed 
in  MOS  transistors  is  due  to  ‘border  traps’  defined 
as  near-interfacial  oxide  traps  that  exchange  charge 
with  the  Si  [16,24,30,33].  A  schematic  illustration 
of  border  traps  is  given  in  Fig.  8. 

Recently  a  method  has  been  developed  to  inde¬ 
pendently  estimate  MOS  bulk-oxide,  interface,  and 
border-trap  densities  [29,30].  The  ‘dual-transistor 
border-trap’  (DTBT)  method  takes  advantage  of 


Fig.  7.  Threshold- voltage  shifts  due  to  interface-  and  oxide-trap  charge  for  MOS  capacitors  with  100  nm  oxides  processed  with  varying 
amounts  of  hydrogen,  irradiated  to  100  krad(Si02)  at  ~  1  MV/cm  with  lOkeV  X-rays.  (After  Ref.  [35].) 
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Fig.  8.  Schematic  illustration  of  oxide,  interface,  and  border 
traps  in  MOS  devices.  ‘Border  traps’  are  a  newly  defined  sub¬ 
class  of  defects,  and  refer  to  near-interfacial  oxide  traps  that  can 
communicate  with  the  underlying  Si  on  sufficiently  rapid  time- 
scales  that  they  can  sometimes  be  mistaken  for  interface  traps. 
(After  Refs.  [16,24].) 


Fig.  9.  Bulk-oxide,  interface,  and  border-trap  densities  as 
a  function  of  dose  for  nMOS  transistors  on  the  same  chip  with 
hardened  24  nm  oxides  irradiated  with  10  keV  X-rays  at 
^2  MV/cm:  (a)  channel  length  =  1.2  pm,  width  =  50  pm;  (b) 
channel  length  =  50  pm,  width  ^  50  pm.  (After  Refs.  [29,30].) 

the  diflferent  timescales  of  conventional  (low-fre¬ 
quency)  threshold-voltage  and  (high-frequency) 
charge-pumping  measurements  on  n-  and  p-channel 
MOS  transistors  to  estimate  the  three  types  of 
charge  densities.  For  details,  see  Refs.  [29,30]. 
Fig.  9  illustrates  an  example  of  applying  the  DTBT 
method.  Note  that  the  density  of  border  traps  in  the 


1.2  pm  X  50  pm  transistor  (Fig.  9(a))  is  more  than 
twice  the  density  in  the  50  pm  x  50  pm  transistor 
(Fig.  9b)  on  the  same  chip  [25,29].  Simple  number- 
fluctuation-model  estimates  of  border-trap  densit¬ 
ies  based  on  the  noise  measurements  for  the  two 
devices  are  similar  to  DTBT  estimates  of  border- 
trap  densities  in  each  case  (agreement  within  better 
than  a  factor  of  two  [29]),  and  similar  trends  are 
observed  in  noise  and  border-trap  density  scaling 
(more  noise  and  greater  border-trap  density  in  the 
shorter-gate-length  transistor  [29]),  reinforcing  the 
utility  of  the  border-trap  model.  More  details  are 
provided  in  Refs.  [25,29,30,33]. 


5.  Conclusions 

The  1//  noise  of  irradiated  and  unirradiated 
MOS  transistors  correlates  strongly  with  oxide- 
trap  charge,  but  not  usually  with  interface-trap 
charge.  Much,  if  not  all,  of  MOS  1//  noise  in  the 
devices  we  have  studied  is  caused  by  near-inter- 
facial  oxide  traps  that  exchange  charge  with  the  Si, 
i.e.,  border  traps.  Independent  estimates  of  border- 
trap  densities  agree  well  with  1// noise  estimates. 
Comparisons  among  radiation,  hole-injection,  and 
electron-paramagnetic-resonance  studies  of  MOS 
structures  suggest  a  key  role  for  O  vacancies  in  the 
Si02  in  the  formation  of  oxide  and  border  traps. 
The  correlation  between  1//  noise  and  radiation 
response  demonstrated  here  and  in  the  supporting 
literature  [17,18,20-25,33]  suggests  that  oxygen 
deficiency  near  the  Si/Si02  interface  also  plays 
a  key  role  in  determining  MOS  1// noise,  although 
a  (possibly  supporting)  role  for  hydrogen  cannot  be 
excluded.  We  believe  these  results  should  help  to 
resolve  the  long-standing  controversy  about  the 
origin(s)  of  1//  noise  in  MOS  transistors. 
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Abstract 


Donor-type  interface  states,  generated  by  vacuum  ultraviolet  irradiation  have  been  studied.  They  anneal  at  room 
temperature  but  only  when  in  a  neutral  state.  This  anneal  is  accompanied  by  the  release  of  atomic  hydrogen.  It  is 
proposed  that  the  states  are  formed  by  H  loosely  bonded  to  sites  in  the  SiO,  network  at  or  near  the  interface.  Anneal 
would  take  place  by  removal  of  H.  Capturing  a  hole  would  strengthen  the  bond  between  H  and  the  network  site. 


1.  Introduction 

The  microscopic  nature  of  the  electrical  states  at 
the  Si-Si02  interface  has  been  a  matter  of  consider¬ 
able  interest  for  many  years.  It  has  become  clear 
that  upon  electrical  stressing  [1],  irradiation  [2]  or 
exposure  to  atomic  hydrogen  [3]  not  only  trivalent 
silicon  defects  (Pb  centres)  but  also  centres  of  a  dif¬ 
ferent  nature  are  being  generated  reaching  densities 
as  large  as  10^^  cm“^.  The  involvement  of  H  in  the 
generation  of  the  latter  type  of  centres  has  been 
clearly  demonstrated  [2-4]. 

In  a  preceding  paper  [5]  we  have  shown  that 
non-Pb  like  centres  can  be  produced  by  vacuum 
ultraviolet  (VUV)  irradiation;  these  centres  are  do¬ 
nor-type  and  anneal  at  room  temperature.  In  the 
present  study  we  will  show  that  these  donor  centres 
anneal  only  when  in  a  neutral  state  and  that  the 
anneal  is  accompanied  by  the  release  of  H.  Based 
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on  these  observations  we  will  propose  a  microscop¬ 
ic  model  for  the  donor  states. 


2.  Experimental 

In  the  present  study  we  have  used  35  and  31  nm 
oxides  on  100  Dcmp-  and  n-type  Si(l  00)  substra¬ 
tes,  respectively;  n-  and  p-type  samples  were  used  to 
study  the  interface  state  density  above  and  below 
mid-gap.  The  oxides  were  grown  in  a  double  walled 
furnace  in  pure  O2  at  1000°C  followed  by  a  1  h 
anneal  in  N2  at  the  same  temperature.  MOS 
capacitors  were  defined  by  resistive  evaporation  of 
an  optically  transparent  (10  nm)  aluminium  gate 
through  a  shadow  mask.  The  samples  did  not  re¬ 
ceive  further  anneals.  Capacitance-voltage  (CV) 
measurements  showed  that  the  as-prepared  MOS 
system  contains  1  x  10^ ^  cm~^ eV~ ^  interface 
states  at  mid-gap.  By  generation  of  1.5  x  10^^  cm“^ 
electron  hole  pairs  in  the  oxide  using  a 
VUV  Kr  lamp  {hv  =  10  eV)  at  -h  3  V  gate  bias, 
interface  states  and  trapped  holes  were  produced. 
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Subsequently  the  trapped  holes  were  neutralised  by 
photo  injection  of  2  x  10^^  cm“^  electrons  at  0  V 
bias  using  a  ultraviolet  (UV)  Hg  lamp  (hv  <  6  eV). 
After  hole  neutralisation  no  bulk  oxide  charge  is 
left;  the  only  charges  in  the  Si-Si02  system  are 
those  in  the  interface  states  (concentration 
10^^  cm“^).  All  our  experiments  were  performed 
at  room  temperature. 


3.  Results 

First  we  studied  the  bias  dependence  of  the  an¬ 
neal  of  the  donor  states  by  monitoring  the  change 
of  the  HF  CV  curves  with  time  while  keeping  the 
gate  at  various  biases  between  the  measurements. 
Figs.  1  and  2  show  the  change  of  the  CV  curves 
with  time  for  an  n-  and  a  p-type  sample,  respective¬ 
ly,  while  keeping  the  gate  biased  at  0  V.  At  this 
condition  all  interface  states  are  neutral.  For  com¬ 
parison  also  the  curves  recorded  prior  to  VUV 
irradiation  are  shown.  Notice  that  the  stretch-out 
extends  towards  negative  biases  indicating  that  the 
states  are  donor-type  [5].  The  stretch-out  in  Fig.  1 
decreases  with  time  due  to  the  anneal  of  the  states 
above  mid-gap.  The  curves  in  Fig.  2  show  a  de¬ 
creasing  stretch-out  due  the  anneal  of  the  centres 
below  mid-gap  and  horizontal  shift  due  the  anneal 
of  the  states  above  mid-gap.  Thus,  all  donor  states, 
above  and  below  mid-gap  anneal  when  they  are 
neutral. 

Figs.  3  and  4  show  the  CV  curves  for  an  n-  and 
a  p-type  sample,  respectively,  with  the  gate  biased 
at  —  7  V  between  the  measurements;  in  this  case 
the  states  above  mid-gap  are  positively  charged 
whereas  those  below  mid-gap  are  neutral.  In  Fig.  3 
we  see  no  major  change  of  the  stretch-out  of  the  CV 
curves  with  time.  Thus  the  positively  charged  states 
above  mid-gap  are  conserved.  Fig.  4  shows  a  de¬ 
creasing  stretch-out  with  time,  indicating  that  the 
states  below  mid-gap,  being  neutral,  do  anneal. 
Fig.  5  shows  the  CV  curves  for  a  p-type  sample  with 
the  gate  biased  at  —  15  V  between  the  measure¬ 
ments;  all  donor  states  are  charged  positively  in  this 
case.  Apart  from  a  minor  shift  during  the  first 
minutes  no  change  of  the  slope  or  a  shift  in  the  CV 
curves  is  observed;  neither  the  states  above  nor 
those  below  mid-gap  anneal  at  this  bias  voltage. 


Fig.  1.  HF  CV  curves  for  a  n-type  sample  while  biased  0  V  in 
between  the  measurements.  Curves  after  3.5  (a),  10  (b),  30  (c),  98 
(d),  1122  (e)  minutes  waiting  at  room  temperature  and  the 
pre-irradiation  curve  (f)  are  given.  The  mid-gap  capacitance  is 
indicated  by  the  dashed  line. 


Fig.  2.  HF  CV  curves  for  a  p-type  sample  while  biased  0  V  in 
between  the  measurements.  Curves  after  4.3  (a),  10  (b),  74  (c),  and 
1114  (d)  minutes  waiting  at  room  temperature  and  the  pre¬ 
irradiation  curve  (e)  are  given.  The  mid-gap  capacitance  is  in¬ 
dicated  by  the  dashed  line. 

The  above  results  clearly  demonstrate  that  donor 
states  generated  by  VUV  irradiation  anneal  when 
neutral  and  do  not  anneal  when  charged  positively. 

Because  it  is  well  known  that  H  can  be  involved 
in  the  generation  of  interface  states,  we  decided  to 
monitor  the  appearance  of  mobile  H  during  the 
anneal.  This  was  done  by  determining  deactivation 
of  boron  in  the  substrate  from  the  inversion 
capacitance  of  the  HF  CV  curves  [6,  7].  To  stabilise 
the  structure  at  conditions  where  no  H  is  released, 


208 


K.G.  Dniijfet  al.  ,!  Journal  of  Non-Crystalline  Solids  IS?  (1995)  206-210 


Bias  voltage  (V) 


Fig.  3.  HF  CV  curves  for  a  n-type  sample  while  biased  —  7  V  in 
between  the  measurements.  Curves  after  2.8  (a),  5.8  (b),  10.8  (c), 
21  (d),  53  (e),  203  (f),  503  (g)  minutes  waiting  at  room  temperature 
and  the  pre-irradiation  curve  (h)  are  given.  The  mid-gap 
capacitance  is  indicated  by  the  dashed  line. 


Bias  voltage  (V) 


Fig.  4.  HF  CV  curves  for  a  p-type  sample  while  biased  —  7  V  in 
between  the  measurements.  Curves  after  2.5  (a),  5.5  (b),  10.5  (c), 
20.5  (d),  52.5  (e),  202.5  (0,  502.5  (g)  minutes  waiting  at  room 
temperature  and  the  pre-irradiation  curve  (h)  are  given.  The 
mid-gap  capacitance  is  indicated  by  the  dashed  line. 

we  biased  the  gate  at  -  15  V  for  1000  min  directly 
after  the  VUV  and  UV  illuminations  were  comp¬ 
leted.  At  —  15  V  interface  state  annealing  is  inhib¬ 
ited.  Subsequently  the  gate  bias  was  switched  to 

—  7  V,  letting  the  states  below  mid-gap  anneal. 
After  4000  min  at  —  7  V  the  bias  was  switched  to 
0  V  letting  also  the  states  above  mid-gap  anneal. 
The  results,  in  Fig.  6,  show  the  stable  condition  at 

—  15  V,  a  reduction  of  the  boron  concentration  in 
the  depletion  layer  after  biasing  the  gate  at  ~  7  V 
and  an  additional  reduction  upon  switching  the 


Bias  voltage  (V) 


Fig.  5.  HF  CV  curves  for  a  p-type  sample  while  biased  —15  V 
in  between  the  measurements.  Curves  after  3.2  (a),  6.2  (b),  11.2 
(c),  21.2  (d),  53.2  (e),  203.2  (f),  502.2  (g)  minutes  waiting  at  room 
temperature  and  the  pre-irradiation  curve  (h)  are  given.  The 
mid-gap  capacitance  is  indicated  by  the  dashed  line. 


0  2000  4000  6000  8000 


Time  (min) 

Fig.  6.  Substrate  doping  level  in  the  depletion  layer  versus  time. 
The  stars,  circles  and  diamonds  give  the  doping  level  for  the  case 
the  gate  was  biased  at  -15,  ~  7  and  0  V,  respectively.  The  lines 
are  a  guide  to  the  eye. 

bias  to  0  V.  Although  the  quantitative  aspects  of 
these  results  are  not  immediately  clear,  the  data 
unambiguously  show  that  room  temperature  an¬ 
nealing  of  the  donor  states  is  accompanied  by  the 
release  of  atomic  H. 


4,  Discussion 

A  model  for  the  donor  interface  states  thus  should 
account  for  the  following  observations:  these 
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centres  anneal  already  at  room  temperature,  but 
only  if  they  are  neutral;  simultaneous  with  the  an¬ 
neal  H  is  being  released;  when  positively  charged 
the  states  are  stable;  the  density  of  states  may  be 
quite  large;  one  way  of  generating  them  is  exposure 
of  the  Si-Si02  system  to  atomic  H  [3].  These 
features  show  that  the  presence  of  hydrogen  is 
essential  for  the  existence  of  the  centre.  In  fact,  the 
simplest  explanation  would  be  that  the  centre  is  the 
H  atom  itself,  attached  in  some  manner  to  a  site 
near  the  Si-Si02  interface  in  the  chemically 
saturated  oxide  network.  Of  these  sites  there  are 
large  numbers  available.  We  have  to  postulate  fur¬ 
ther  that  the  bonding  to  the  network  is  strong  when 
the  defect  is  charged  positively,  and  weak  when 
neutral.  In  contrast  to  the  Pb  centre,  which  is  re¬ 
moved  by  the  bonding  of  H,  the  donor  centre  is 
formed  by  the  presence  of  H.  For  the  attachment 
site  for  the  H  atom  leading  to  the  donor  state  one 
might  consider  the  O  atom  of  the  Si~0-Si  config¬ 
uration,  thus  giving  rise  to  an  analogue  of  the 
hydronium  ion:  +  H2O HaO"^.  Neutral 

H  atoms  are  able  to  escape  and  to  wander  from  site 
to  site.  Annealing  would  take  place  by  the  forma¬ 
tion  of  H2  dimers  or  escape  of  H  into  the  bulk  of  the 
oxide  or  into  the  Si. 

The  general  availability  of  Si-O-Si  sites  through¬ 
out  the  oxide  gives  rise  to  the  question  if  H  atoms 
would  not  also  bond  to  bulk  sites  similar  to  those  at 
the  interface.  In  the  bulk  the  centres  could  not  be 
charged  by  simply  applying  an  electric  field.  How¬ 
ever,  a  neutral  H  atom,  probably  set  free  from  the 
Si02-Al  interface,  could  upon  interaction  with 
a  hole  generated  by  the  VUV  irradiation  become 
attached  to  a  network  site  in  the  bulk  of  the  oxide. 
Thus,  neutral  hydrogen  would  constitute  a  bulk 
hole  trap  and,  consequently,  the  charged  oxide 
would  store  hydrogen.  Neutralisation  of  the  posi¬ 
tive  charge  would  release  this  hydrogen  which 
should  result  in  the  generation  of  additional  inter¬ 
face  states  and  the  deactivation  of  boron.  We  per¬ 
formed  an  experiment  similar  to  Lai  [8],  in  which 
10^^  cm~^  holes  were  injected  into  the  oxide.  Upon 
neutralisation  by  electrons  we  observed  generation 
of  additional  donor  states,  like  Lai  did,  and  deacti¬ 
vation  of  boron.  We  would  like  to  mention  the 
existence  of  a  hole  traps  with  small  cross-section 
(cr  <  cm"^)  that  has  not  been  identified  so 


far  [9].  In  our  view,  this  trap  may  be  related  to  the 
atomic  H  that  is  bonded  upon  interaction  with 
a  hole  at  a  network  site  in  the  bulk,  as  discussed 
above. 

When  neutralising  the  trapped  holes  by  photo 
injection  of  electrons  the  H  atoms  would  be  less 
firmly  bound  at  its  site  in  the  oxide.  In  fact,  we 
claim  that  its  bonding  energy  would  be  less  than 
that  in  a  corresponding  site  near  the  Si-Si02  inter¬ 
face,  so  that  the  neutral  H  atom  could  move  around 
rather  freely.  The  experiment  of  Fig.  6  supports  this 
contention.  When  applying  a  —  15  V  bias  to  the 
gate  after  the  VUV  and  UV  exposure  the  positively 
charged  bonding  state  near  the  interface  constitutes 
the  energy  minimum  for  hydrogen.  Thus  it  can  be 
expected  that  all  neutral  H  atoms  present  in  the 
oxide  would  be  collected  at  interfacial  sites  where, 
upon  capture  of  a  hole  from  the  silicon,  they  would 
become  strongly  bonded.  If  the  strength  of  the 
bonding  of  neutral  H  were  the  same  in  the  bulk  as 
at  the  interface,  one  would  expect  a  time  constant  of 
10  min  to  hours  for  the  formation  of  additional 
donor  states.  Because  such  a  generation  was  not 
observed,  the  time  constant  for  hydrogen  release 
from  bulk  sites  must  be  smaller  than  the  time  re¬ 
quired  to  perform  the  measurement  (  <  1  min)  and 
thus  smaller  then  the  time  constant  for  release  of 
H  from  the  interfacial  sites.  This  indicates  weaker 
bonding  in  the  bulk. 

The  conclusion  that  the  bonding  energy  for  neu¬ 
tral  H  in  the  bulk  and  at  the  interface  differ  is  not 
too  surprising.  The  strain  in  the  interfacial  region 
has  been  claimed  to  produce  increased  sensitivity 
for  interface  state  generation  due  to  electrical 
stressing  or  irradiation  [10].  The  attachment  sites 
for  H  near  the  interface  are  similar  but  not  identi¬ 
cal.  A  redistribution  of  interface  traps,  as  reported 
by  Ma  [11]  is  quite  compatible  with  this  idea.  The 
redistribution  would  simply  imply  a  rearrangement 
of  H  over  the  available  sites  to  minimise  the  energy 
of  the  overall  system. 


5.  Conclusion 

By  formulating  the  above  suggestions  the  autho¬ 
rs  hope  to  contribute  to  the  current  discussion  on 
the  microscopic  nature  of  interface  states.  It  will  be 
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important  to  have  critical  contributions  from  the¬ 
orists.  The  present  authors  are  in  the  process  of 
obtaining  additional  supporting  experimental  evid¬ 
ence  for  the  model  for  the  donor  states  presented  in 
this  paper. 
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Abstract 

The  charge  pumping  response  of  interface  traps  and  near-interfacial  oxide  traps  (border  traps)  induced  by  Co^®  gamma 
rays  in  submicrometer  (0.5  pm  channel  length)  metal-oxide-semiconductor  transistors  has  been  studied.  Using  an 
improved  three-level  charge  pumping  technique,  the  energy  distribution  of  interface  trap  parameters  (emission  times, 
capture  cross-sections  and  interface  state  density)  has  been  determined  after  irradiation  in  both  the  upper  and  lower  parts 
of  the  silicon  band  gap  on  ^-channel  devices.  The  influence  of  border  traps  on  three-level  charge  pumping  measurements 
is  demonstrated  for  the  first  time.  Good  agreement  has  been  found  between  standard  charge  pumping  and  three-level 
charge  pumping  characteristics  in  terms  of ‘breakpoint  frequency’  at  which  the  charge  recombined  per  cycle  deviates  from 
the  fast  interface  state  response.  The  distance  of  border  traps  from  the  interface  has  been  estimated  to  be  ^15-20  A  from 
a  trap-to-trap  tunneling  model.  In  addition,  a  new  technique  is  presented  based  on  three-level  charge  pumping 
measurements  to  determine  a  border  trap  distribution  in  the  silicon  band  gap. 


1.  Introduction 

The  increase  of  trapped  charge  in  the  oxide  and 
the  increase  of  interface  state  density,  are  the 
most  important  phenomena  produced  by  radiation 
exposure  in  the  Si/Si02  system.  But  ionizing  radi¬ 
ation  can  also  induce  a  complete  change  in  the 
nature  of  the  electrically  active  defects  at  the 
interface  in  the  oxide  layer  in  terms  of  energy  distri- 
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bution  of  Dit  or  in  terms  of  trapping-detrapping 
properties  [1,2].  Recently,  it  has  been  reported  by 
Paulsen  et  al.  [3]  that  the  standard  charge  pumping 
technique  can  provide  an  interesting  way  to  separ¬ 
ate  the  contribution  of  the  near-interface  oxide 
traps  (called  border  traps  too  [4,5])  that  exchange 
charge  with  the  semiconductor  and  the  Si/Si02 
interface  traps  (fast  states).  In  this  work,  we  have 
used  both  standard  charge  pumping  (CP)  [6]  and 
3-level  charge  pumping  (3CP)  [7-10]  techniques  on 
irradiated  submicrometer  metal-oxide-semicon¬ 
ductor  field  effect  transistors  (MOSFETs)  in  order 
to  determine  the  energy  distributions  of  interface 
trap  parameters  (emission  times,  capture  cross- 
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sections,  Djt)  and  to  examine  the  charge  pumping 
response  of  interface  and  border  traps.  We  also 
discuss  a  new  method,  based  on  the  three-level 
charge  pumping  technique,  for  the  determination  of 
a  jDit  distribution  related  to  the  fastest  border  traps 
measureable  above  the  interface-trap  background 
in  the  silicon  band  gap. 


2.  Experimental  procedure 

The  n-channel  interdigital  MOSFETs  used  in 
this  study  have  been  fabricated  at  IBM  Microelec¬ 
tronics  (Corbeil-Essonnes)  using  a  0.5  pm  CMOS 
technology.  The  source  and  the  drain  form  a  single 
comb-shaped  junction  with  the  substrate  that  inter¬ 
penetrates  the  polysilicon  gate  comb.  As  a  conse¬ 
quence,  there  is  a  large  gate  area  (14000  pm“)  in 
spite  of  a  short  effective  channel  length  (0.5  pm). 
Charge-voltage  (Q-V)  and  charge  pumping  meas¬ 
urements  can  be  made  directly  on  the  same  devices. 

The  samples  were  irradiated  using  the  INSA 
Co^^  gamma-ray  source  with  a  dose  rate  of  59  krad 
(Si02)  per  hour.  For  convenience,  the  MOSFETs 
were  kept  unbiased  (floating)  during  irradiation. 
There  was  a  delay  of  about  50  h  at  room  temper¬ 
ature  between  the  end  of  the  exposure  and  the 
post-irradiation  characterization.  This  delay  was 
chosen  to  reduce  the  possibility  that  the  post¬ 
irradiation  interface  trap  buildup  might  influence 
our  results. 

In  the  3CP  method  introduced  by  Saks  and 
Ancona  [7,8],  a  three-level  waveform,  as  shown 
schematically  in  Fig.  1  (inset)  is  applied  to  the  gate 
of  the  MOSFET  under  test  to  select  a  time  window 
and  an  energy  window  in  the  silicon  band  gap  for 
studying  the  electrical  response  of  the  traps  in  emis¬ 
sion  or  capture  regimes.  Recently,  a  new  3CP  pro¬ 
cedure,  used  in  this  study  and  based  on  the  use  of 
a  high  performance  arbitrary  function  generator, 
has  been  proposed  [9,10].  3CP  and  Q-V  measure¬ 
ments  involve  a  LeCroy  9101  generator,  a  Keithley 
617  electrometer  and  an  IBM  computer.  The  ex¬ 
perimental  relation  between  the  gate  voltage,  Vq, 
and  the  surface  potential,  <Ps,  is  needed  to  calculate 
the  energy  distribution  of  interface-trap  para¬ 
meters.  The  method  used  in  this  study  to  calculate 


o 

a. 


IN'rBRMEDIATE  LEVEL  DURATION  t3  (  s ) 


Fig.  1.  Recombined  charge  per  cycle  as  a  function  of  third- 
level  parameters  and  in  electron  emission  for  a  10  Mrad 
irradiated  MOSFET.  The  emission  times  of  fast  interface  states 
are  extracted  from  these  data  by  a  graphic  construction  for  each 
value  of  K3.  Inset:  Three-level  waveform  used  in  3CP  experi¬ 
ment.  Duration  and  voltage  refer  to  the  intermediate  level. 

the  curve  consists  in  resolving  Poisson’s 

equation  with  the  appropriate  (post-irradiation) 
doping  profile  and  then  calculating  the  theoretical 
capacitance-voltage  (C-V)  curve  by  the  method 
introduced  by  Panagraphi  [11,12].  An  excellent 
agreement  is  found  between  the  theoretical  curve 
and  experimental  C-V  data  obtained  from  static 
Q-V  measurements  made  on  the  gate-substrate 
capacitor  (source-drain  and  substrate  are  grounded 
[13]).  This  agreement  ensures  a  good  accuracy  for 
the  energy  trap  positions.  Thus,  problems  relating 
to  potential  errors  in  inversion  regimes  can  be 
eliminated  [10].  The  complete  procedure  and  vari¬ 
ous  experimental  results  have  been  detailed  else¬ 
where  [10]  and  a  recent  discussion  of  this  problem 
has  been  made  by  Nicollian  [1]. 


3.  Results 

Fig.  1  shows  the  variations  of  the  recombined 
charge  per  cycle  2it  pumped  into  the  substrate  with 
the  third  level  parameters  (duration  ti,  and  voltage 
level  F3)  for  a  10  Mrad  irradiated  device  in  electron 
emission  regime.  Generally,  a  saturation  of  has 
been  observed  for  long  tf  this  feature  corresponds 
to  an  equilibrium  state  (constant  interface  trapped 
charge)  since  all  traps  above  the  Fermi  level  (fixed 
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by  V2)  have  emitted  their  electron  [7].  In  Fig.  1,  one 
can  see  that  remains  non-constant  for  most 
values  of  F3  after  the  beginning  of  the  saturation 
regime  and  abnormally  increases  for  fa  above 
1  ms.  We  attribute  this  increase  to  radiation-in¬ 
duced  traps  located  in  the  interfacial  region  that 
exchange  charges  with  the  semiconductor,  i.e.  bor¬ 
der  traps  [4,5].  This  assumption  has  also  been 
recently  reported  by  Paulsen  et  al.  within  the 
framework  of  a  CP  experiment  [3].  For  irradiated 
devices  or  ultrathin  tunnel  oxide  non-volatile  mem¬ 
ories,  the  authors  have  observed  an  increase  of 
2it  when  the  frequency  of  the  gate  square  pulses 
tends  towards  small  values.  As  shown  in  Fig.  2, 
a  similar  experiment  has  been  performed  on  our 
10  Mrad  irradiated  devices  in  order  to  compare  CP 
and  3CP  results.  A  ‘breakpoint  frequency’  is  ob¬ 
served  between  300  and  600  Hz;  this  value  can  be 
interpreted  as  the  inverse  of  the  time  constant  of  the 
charge  exchange  mechanism  between  the  border 
traps  and  the  semiconductor.  According  to  3CP 
data  of  Fig.  1,  a  good  agreement  is  found  between 
the  two  techniques.  Emission  times  of  border  traps 
can  be  estimated  in  the  decade  between  1  and  10  ms 
for  F3  values  between  0.8  and  0.24  V;  they  are 
above  10  ms  for  F3  values  less  than  0.16  V.  Differ¬ 
ent  models  of  border  traps  (and/or  ‘slow  states’) 
have  been  developed  in  the  literature  [13].  They 


generally  consider  border  traps  as  defects  which 
can  trap  charges  by  a  tunneling  mechanism  directly 
from  the  silicon  or  indirectly  via  fast  interface  traps. 
We  have  used  the  model  proposed  by  Roy  [3,14] 
for  the  estimation  of  the  tunneling  distance  d  of  the 
traps  from  the  Si/Si02  interface.  With  an  average 
value  of  Dit  ^  7  X  10^  ^  eV  “  ^  cm  “  we  estimate  d  to 
be  between  15  and  20  A  for  a  10  Mrad  irradiated 
device.  A  similar  result  is  obtained  in  the  case  of 
a  1  Mrad  dose  exposure. 

Before  examining  how  to  estimate  a  border  trap 
distribution  with  3CP,  we  now  investigate  by  3CP 
the  change  in  fast  interface  state  properties  after 
irradiation.  From  Quit^,  F3)  curves,  the  energy  dis¬ 
tribution  of  emission  times  can  be  determined  in 
the  upper  part  of  the  band  gap  for  electron  traps 
and  in  the  lower  part  of  the  band  gap  for  hole  traps 
[7,8].  Using  the  Shockely-Read-Hall  formalism 
[13],  it  is  then  possible  to  calculate  the  correspond¬ 
ing  capture  cross-section  distribution.  In  Fig.  3, 
tJ^E)  and  a{E)  spectra  are  plotted  for  virgin  and 
10  Mrad  irradiated  devices.  Fig.  3(a)  shows  that 
irradiation  induces  a  non-uniform  increase  of  the 
emission  times  in  the  silicon  band  gap.  For  electron 
traps,  this  increase  is  approximately  one  decade; 
a  slope  of  '^q/kT  ( ^^  38  eV“  ^  at  300  K)  is  observed 
before  and  after  irradiation.  Thus,  corresponding 
capture  cross-sections  displayed  in  Fig.  3(b)  are 
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Fig.  2.  Recombined  charge  per  cycle  versus  the  frequency / of  the  pulses  for  a  non-irradiated  devices  and  for  a  10  Mrad  irradiated 
device. 
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Fig.  3.  Energy  distribution  of  electron  (above  midgap)  and  hole 
(below  midgap)  emission  times  (a)  and  capture  cross-sections  (b) 
in  the  silicon  band  gap  for  a  non-irradiated  MOSFET  (triangles) 
and  for  a  MOSFET  irradiated  to  10  Mrad  and  annealed  for  50  h 
at  room  temperature  (open  circles). 


weakly  dependent  on  energy  and  significantly  de¬ 
crease  (about  one  decade)  for  irradiated  devices 
with  respect  to  virgin  devices.  This  evolution  is 
consistent  with  experimental  observations  in  con¬ 
ductance  technique  [15,16].  In  the  case  of  hole 
traps,  the  changes  in  and  o  are  not  constant  with 
respect  to  the  trap  energy  level.  The  fact  that  cap¬ 
ture  cross-sections  seem  to  be  energy  dependent 
before  (and  after)  irradiation  is  perhaps  due  to  the 
fabrication  process  that  induces  specific  defects  in 
the  interfacial  region.  These  defects  may  have  an 
electrical  behavior  different  from  those  of  intrinsic 
interface  defects  [17],  but  this  difference  is  presently 
unclear.  Fig.  4  shows  D,^{E)  spectra  obtained  from 
characteristics  in  emission  (equilibrium)  re¬ 
gime  for  various  radiation  exposure  doses  (the 
duration  of  r3  ~  6  ms  determines  the  emission  rate 
of  the  technique  [17]).  The  curves  exhibit  two 
‘humps’  of  Dit  at  approximately  ^£v  +  0.35eV 
and  +  0-75  eV.  These  local  increases  of  den¬ 
sity  in  the  band  gap  are  very  well  correlated  with 


TRAP  ENERGY  Et  -  Ei  (eV) 


Fig.  4.  Energy  distributions  of  interface  state  density  in  silicon 
band  gap  obtained  for  transistors  irradiated  to  different  doses 
and  annealed  for  50  h  at  room  temperature;  =  6  ms. 


the  dose  of  irradiation  and  have  been  observed  by 
many  authors  [2].  But  this  classical  approach  of 
3CP  measurement  does  not  allow  us  to  distinguish 
fast  interface  trap  density  from  border  trap  density 
in  the  band  gap. 

To  evaluate  the  contribution  of  these  two  catego¬ 
ries  of  traps  to  the  charge  pumping  response  in 
emission  regime,  as  shown  in  Fig.  1,  we  have  per¬ 
formed  two  consecutive  acquisitions  of  QuiVs) 
curves  with  two  different  values  of  The  first 
value  (1.2  ms)  was  chosen  to  involve  the  greater 
part  of  fast  states  during  the  charge  pumping  cycle 
(see  Fig.  1),  whereas  the  second  value  40  ms  allows 
a  part  of  border  traps  (the  fastest  traps  that  can 
communicate  during  this  delay  with  the  silicon)  to 
participate  in  the  recombination  process.  Subtract¬ 
ing  the  two  curves  and  expressing  the  derivative  of 
this  result  with  respect  to  the  surface  potential  and 
solving  for  we  obtain  a  border  trap  distribution 
in  the  silicon  band  gap,  similar  to  the  fast  state 
distribution,  which  refers  to  a  given  emission  win¬ 
dow.  Fig.  5  shows  such  a  border  trap  distribution 
estimated  with  this  new  method  for  an  irradiated 
device.  Two  peaks  of  density  that  correspond  pref¬ 
erentially  to  border  traps  clearly  appear  in  the 
band  gap:  one  above  midgap  (^Fy  +  0-24  eV), 
the  other  below  midgap  (^Fv  +  0.36  eV). 
Similar  energy  positions  of  peaks  induced  by 
irradiation  have  been  often  reported  by  other 
authors  using  various  techniques  [2,18];  but,  in  this 
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Fig.  5.  Energy  distribution  of  border  trap  density  for  emission  times  between  1.2  and  40  ms.  This  curve  is  calculated  from  the  difference 
of  two  3CP  measurements,  for  two  distinct  values  (1.2  and  40  ms)  of  the  intermediate  level  in  emission  regime. 


case,  we  can  unambiguously  say  that  these  peaks 
are  due  to  border  traps  instead  of  fast  interface 
traps,  in  view  of  the  emission  window  using  in  this 
method. 


4.  Conclusion 

To  our  knowledge,  this  is  the  first  3-level  charge 
pumping  study  carried  out  on  irradiated  devices,  in 
spite  of  the  fact  that  this  technique  can  provide 
various  information  about  interface  traps  concern¬ 
ing  most  of  the  band  gap  on  a  single  device.  We 
have  observed  the  electrical  behavior  of  interface 
traps  and  border  traps  by  this  technique  and  by 
standard  charge  pumping  analysis  in  submic¬ 
rometer  n-channel  MOSFETs,  irradiated  or  not. 
For  fast  interface  traps,  a  strong  evolution  of  cap¬ 
ture  cross-sections  has  been  observed  after  irradia¬ 
tion;  the  change  of  o  appears  to  be  a  function  of 
energy  trap  level  in  the  silicon  band  gap.  For  bor¬ 
der  traps,  we  have  developed  a  modified  3CP 
method  that  provides  the  way  to  estimate  quantit¬ 
atively  a  trap  distribution  in  the  silicon  band  gap. 
An  additional  study  is  planned  to  investigate  bor¬ 
der  traps  in  more  detail  with  this  new  approach  of 
charge  pumping. 
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Abstract 

The  oxide  positive  charge  and  the  interface-state  formation  caused  by  a  negative  gate  bias  in  a  polycrystalline  silicon 
gate-oxide-semiconductor  capacitor  versus  injecting  temperature  in  the  range  of  77-400  K  is  studied.  It  is  found  that  the 
generation  of  both  interface-states  and  oxide  charge  is  temperature  independent  which  indicates  that  the  motion  of  each 
mobile  species  (as  the  hydrogen-related  species)  must  be  excluded.  The  formation  of  interface-states  is  linked  to  the  break 
of  Si-Si  or  Si-O  distorted  bonds  at  the  Si/Si02  interface,  and  the  generation  of  the  oxide  positive  charge  to  the 
electron-emission  from  pre-existing  or  created  neutral  traps. 


1.  Introduction 

On  the  topic  of  the  defect  generation  in  MOS 
structures,  the  oxide  positive  charge  creation  and 
the  interface-state  formation  have  been  usually  ex¬ 
plained  on  the  basis  of  two  principal  models:  the 
hole  process  which  consists  in  the  hole  creation  and 
their  possible  conversion  to  interface-states  [1-4]. 
The  second  called  the  hydrogen  model  consists  in 
the  hydrogen  release  in  the  bulk  of  the  oxide  and  its 
migration  to  the  Si/Si02  interface  generating  inter- 
face-states  by  depassivating  Si-H  bonds  [5-7]. 
This  second  model  was  confirmed  by  SIMS  experi¬ 
ments  [5]  and  also  by  the  thermal  activation  study 
of  the  defect  creation  in  which  the  diffusion  coeffic¬ 
ient  of  the  hydrogen  in  the  gate  oxide  was  reached 
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[8].  This  study  gives  some  further  insight  on  these 
mechanisms. 


2.  Experimental  procedure 

2.7.  Sample  description 

MOS  capacitors  used  in  this  work  were  fab¬ 
ricated  on  a  <100>  silicon  substrate  doped  with 
boron  to  1.7  x  10^^  cm and  thermally  oxidized 
to  1 1  nm  for  thickness  at  900°C  for  5  min 
in  O2  +  N2(33%)  gas,  and  then  for  7  min  in 
O2  +  N2(30%)  T  HC1(3%)  gas  at  the  same  tem¬ 
perature.  Afterwards,  samples  were  cooled  for 
30  min  in  N2  gas  to  room  temperature.  They  were 
submitted  to  boron  implantation  through  the  gate 
oxide  to  3.5  X  lO^^cm”^  under  40  keV  to  adjust 
the  transistor  threshold  voltage  (transistors  and 
capacitors  were  fabricated  in  the  same  wafer).  In  the 
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end,  samples  were  annealed  in  a  H2  +  N2  gas  at 
450''C  for  30  min.  The  gate  area  for  the  capacitors  is 
4  X  lO”'*’  cm^. 

2.2.  Electrical  measurements 

Electrical  damages  were  caused  by  high  electric 
field  stress  at  different  temperatures  in  the  range  of 
77-400  K.  Electrons  were  injected  into  MOS 
capacitors  under  negative  constant  voltage,  meas¬ 
ured  and  integrated  by  a  HP4140B  picoammeter  to 
give  charge  densities,  and  energetic  interface- 
state  distributions  were  measured  by  the  superim¬ 
position  of  high-  and  low-frequency  capacitance 
voltage  at  room  temperature  [9]. 


3.  Results 

3.1.  Interface-state  generation 

Fig.  1  shows  the  energy  spectrum  of  the  inter¬ 
face-states.  This  energetic  distribution  is  approxim¬ 
ately  flat  in  the  range  of  about  0.6  eV  around 
the  mid-gap.  For  each  stress,  the  interface  state 
density  was  taken  at  the  mid-gap  energy  and  repre¬ 
sented  according  to  the  injected  electron  density. 
Fig.  2  shows  the  evolution  of  interface-state  density 
with  electron  density  for  three  high  electric  fields 
(11,11.5  and  12MV/cm).  These  kinetics  do  not 
follow  the  well-known  exponential  law  but  rather 
a  combination  of  this  first-order  mechanism  with 
a  linear  regime.  Creation  cross-section  values  have 
been  obtained  from  a  complete  analysis  [10]. 

3.2.  Positive  charge  creation 

Usually,  Fowler-Nordheim  stress  creates  both 
oxide  positive  and  negative  charge.  The  positive 
charge  appears  in  the  beginning  of  the  stress 
and  the  negative  one  appears  afterwards  [11]. 
Fig.  3  shows  the  evolution  of  mid-gap  voltage, 
following  the  injection  and  Fig.  4  gives  the  evolu¬ 
tion  of  current  measured  during  the  stress  at  a 
constant  voltage.  Both  these  evolutions  show  that 
there  is  an  increase  of  the  oxide  positive  charge  at 
the  beginning  of  the  stress  and,  for  a  critical  injec¬ 
tion  value  (10^^  cm~^),  a  decrease  of  this  net  oxide 


Fig.  1.  Energetic  distributions  of  interface-states  in  the  silicon 
band  gap  for  some  electron  densities  injected  in  a  MOS  capaci¬ 
tor  under  11  MV/cm  at  room  temperature. 


Fig.  2.  Mid-gap  interface-state  density  versus  injected  electron 
density  at  room  temperature  for  some  high  electric  fields. 


Fig.  3.  Mid-gap  voltage,  K^g,  versus  injected  charge  density, 
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Fig.  4.  Tunneling  current  versus  stress  time. 


1000/T  (K-1) 

Fig.  5.  Mid-gap  interface-state  density  versus  1000/7  {where  T  is  the  injecting  temperature). 

positive  charge.  This  decrease  is  due  to  the  creation  F^g  versus  characteristics  corresponds  also  to 

and  filling  of  neutral  traps  in  the  gate  oxide  by  the  dominance  of  the  linear  regime  in  the  AD^ 

electrons  during  high  field  stress.  It  is  remarkable  to  versus  Some  authors  have  suggested  that  the 

note  that  the  injected  charge  density  of  10^^  cm”^  production  of  trapped  electron  centers  was  re¬ 
corresponding  to  the  turnaround  point  in  the  quired  for  subsequent  production  of  interface- 


A.  El-Hdiy  et  al.  /  Journal  of  Non-Crystalline  Solids  187  (1995)  216-220 


219 


CN 

E 

o 


0) 

cn 


0) 

“O 


1E+14 


1E  +  13 


1E+12  H 


1E+11  4 


10000000000 


E  =  11  MV/cm 


A 

A 


♦ 

A 


♦  1E18  cm-2  A  1E19  cm-2 


1  1 


1000A  (K-l) 

Fig.  6.  Net  oxide  positive  charge  density  versus  1000/r  (where  T  is  the  injecting  temperature). 


1  3 


states  [12].  Our  results  indicate  that  the  presence  of 
negative  charge  is  a  direct  or  indirect  precursor  of 
appearance  of  the  linear  regime. 

4.  Discussion 

Fig.  5  shows  the  influence  of  the  stress  temper¬ 
ature  on  the  interface-state  generation  for  11  MV/ 
cm  and  for  three  injection  values  (10^®,  10^^  and 
5  X  10^^  cm  .  Some  authors  have  found  that  the 
interface-state  density  depends  on  the  injecting 
temperature  [8,13],  but  in  this  study  it  is  obvious 
there  is  no  thermal  activation  in  temperature  range 
from  77  to  400  K.  For  higher  injecting  temper¬ 
atures,  a  weak  increase  occurs;  however,  if  we  as¬ 
sume  that  the  stress  temperature  dependence  of 
mid-gap  interface-state  density  obeys  an  Arrhenius 
law  [8,13],  the  activation  energy  calculated  from 
Fig.  5  is  about  5  meV.  This  energy  is  much  lower 
than  thermal  energy  {k^T/q).  This  excludes  the  con¬ 
tribution  of  mobile  species  in  the  creation  of  inter¬ 


face-states  which  is  linked  to  the  rupture  of  Si-Si 
and  Si-O  distorted  bonds  at  the  Si/Si02  interface. 

As  far  as  the  net  oxide  positive  charge  is  con¬ 
cerned,  Fig.  6  shows  no  evidence  for  temperature 
playing  an  important  role  in  the  thermal  activation 
of  the  generation  mechanism.  Some  authors  have 
suggested  that  the  interaction  of  hydrogen  with 
trapped  holes  induces  the  appearance  of  anomal¬ 
ous  positive  charge  centers  (APCs)  in  the  bulk  of 
the  oxide  [14].  In  this  work,  created  APCs  repres¬ 
ent  more  or  less  30%  of  the  generated  positive 
charge  (Fig.  7).  This  confirms  our  prior  no  thermal 
activation  results  and  excludes  the  presence  of  mo¬ 
bile  species  in  the  bulk  of  the  oxide.  The  generated 
positive  charge  is  due  to  electron-emission  from 
pre-existing  or  created  neutral  traps  [15]. 

5.  Conclusion 

The  no  thermal  activation  of  defect  generation  in 
MOS  capacitors  studied  here  allows  us  to  exclude 
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Fig.  7.  APCs  variation  under  ±  4.5  MV/cm. 


mobile  species  in  the  creation  of  oxide  and  interface 
defects.  The  responsible  mechanisms  of  the  oxide 
positive  charge  and  interface-state  generation  are 
suggested  to  be  electron-emission  from  neutral 
traps  in  the  bulk  of  the  oxide  and  the  break  of  Si-Si 
and  Si-O  distorted  bonds  at  the  Si/Si02  interface, 
respectively. 
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Abstract 

Ultrahigh  vacuum  scanning  tunnelling  microscopy  (UHV-STM)  and  air/liquid  atomic  force  microscopy  (AFM)  have 
been  used  to  evaluate  the  roughness  of  silicon  surfaces  after  they  have  been  subjected  to  pre-gate  oxide  cleaning.  The 
pre-gate  oxide  cleaning  procedure  has  involved  the  removal  of  the  ‘native  oxide’  with  solutions  of  buffered  HF  (BHF)  and 
dilute  HF  (DHF).  The  DHF  treatment  of  Si  {1 00}  surfaces  has  been  found  by  UHV-STM  to  give  the  smoothest  surfaces 
for  pre-gate  oxidation  in  accord  with  HREELS  and  IR  studies.  A  comparison  of  roughness  measurement  by  UHV-STM 
relative  to  air /liquid  AFM  is  given  to  elucidate  the  relative  merits  of  those  techniques  which  have  different  spatial 
resolution.  The  MOS  gate  oxide  performance  is  correlated  with  pre-gate  oxide  silicon  surface  roughness.  Data  published 
on  the  Si/Si02  interface  roughness  following  growth  of  the  gate  oxide  are  inconsistent.  A  comparative  study  of  interface 
roughness,  determined  with  the  gate  oxide  present,  by  neutron  reflectivity  experiments,  and  after  removal  of  the  gate 
oxide  with  DHF,  by  scanning  probe  measurements  (SPM)  is  reported.  Since  the  MOS  performance  may  also  depend  on 
the  Si02 /contact  interface  roughness,  roughness  measurements  of  the  Si02  gate  oxide  surface  obtained  using  neutron 
reflectivity  are  also  reported. 


1.  Introduction 

The  current  drive  to  smaller  MOS  gate  struc¬ 
tures  and  thinner  gate  oxides  in  VLSI  CMOS  devi¬ 
ces  gives  rise  to  the  need  for  atomic  scale  control  of 
the  silicon/silicon  oxide  interface.  Thus,  there  is 
a  clear  requirement  for  roughness  measurements 
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with  atomic  resolution.  The  intrinsic  roughness  of 
the  silicon  surface  prior  to  gate  oxide  growth  is 
determined  by  factors  such  as  the  method  of  silicon 
wafer  production  and  pre-gate  oxide  cleaning  pro¬ 
cedures.  Rough  silicon  surfaces  are  known  to  de¬ 
grade  CMOS  device  yield  and  reliability  [1-3].  For 
example,  a  single  atomic  step  on  a  Si(l  00)  surface 
is  about  7%  of  the  thickness  of  a  4  nm  thick  gate 
oxide  and  thus  may  give  rise  to  a  significant  field 
enhancement,  even  for  uniform  oxide  coverage. 
Scanning  probe  microscopies  [4,5],  particularly  the 
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scanning  tunnelling  microscope  (STM)  and  the 
atomic  force  microscope  (ATM)  offer  the  required 
vertical  resolution  and,  in  the  former  case,  the  re¬ 
quired  spatial  resolution. 

Clearly,  it  is  desirable  to  make  measurements 
over  the  dimensions  of  a  whole  silicon  wafer  surface 
if  issues  of  variability  and  device  yield  are  to  be 
addressed.  However,  current  scanning  probe 
methods  are  too  time  consuming  to  cover  the 
atomic  length  scale  over  a  whole  wafer.  Abe  et  al. 
[6]  have  found  good  agreement  in  average  rough¬ 
ness  measurements  between  laser  scanning  light 
scattering  (LSLS),  scanning  optical  microscopy 
(SOM),  AFM  and  STM  methods  despite  the  very 
different  roughness  length  scales  samples. 


In  order  to  understand  the  relation  between 
silicon  surface  roughness  and  gate  oxide  integrity  it 
would  be  useful  to  know  whether  or  not  the  oxida¬ 
tion  process  changes  the  surface  roughness  at  the 
growing  oxide/silicon  interface  and  also  how 
smooth  the  oxide  surface  is  on  which  the  electrical 
contact  is  deposited  in  an  MOS  structure.  The 
neutron  reflectivity  technique  is  capable  of  probing 
the  Si02  thickness  and  density,  and  the  Si/Si02 
interface  roughness.  However,  it  is  limited  to  oxides 
greater  than  20  nm.  This  limit  is  set  primarily  by 
the  source  intensity. 

In  order  to  apply  scanning  probe  microscopy  to 
assess  the  Si/Si02  interface  roughness  the  oxide 
must  first  be  removed  by  etching  with  HF  solution 


Fig.  1.  STM  images  0.1  fim  xO.l  ^im,  taken  from  (a)  Si (1  1  1)  wafer  dipped  in  7:1  BHF  followed  by  a  5  min  DI  water  rinse  and  (b) 
Si(l  00)  wafer  dipped  in  7: 1  BHF  followed  by  a  5  min  DI  water  rinse.  {Samples  bias  +  2.0  V,  tunnelling  current  2nA.)  Line  scans  taken 
diagonally  across  the  images  are  also  shown. 
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until  the  wafer  is  hydrophobic,  and  then  the  surface 
profile  measured.  Great  care  has  to  be  exercised  in 
the  control  of  the  HF  solution  strength,  purity  and 
subsequent  water  rinsing  to  avoid  confounding 
effects  from  silicon  surface  etching  [7].  HF  etching 
and  AFM/STM  measurements  of  roughness  are 
relatively  fast  to  make.  However,  data  on  the 
Si/Si02  interface  roughness  following  growth  of 
the  gate  oxide  are  inconsistent  [8-10]. 

This  paper  reports  measurements  of  silicon  sur¬ 
face  roughness  before  and  after  oxidation  by  SPM, 
and  preliminary  Si/Si02  surface  and  interfacial 
roughness  by  neutron  reflectivity. 


2.  Experimental  procedures 

The  silicon  wafers  were  supplied  by  Wacker- 
Chemitronic  GmbH.  Two  Si(lOO)  3"  wafers 
(1.5-2.5Qcm)  and  one  Si  (111)  3"  wafer 

(6-9  Q  cm)  were  used  for  the  neutron  reflectivity 
experiments.  Wafers  were  prepared  in  a  class  100 
clean  room.  Prior  to  oxide  growth  the  wafers  were 
dipped  in  HF  of  different  pH  until  hydrophobic, 
then  rinsed  in  DI  water.  One  (100)  wafer  was 
dipped  in  7 : 1  buffered  HF  (BHF)  and  the  other  in 
10:1  dilute  HF  (DHF).  The  (1  1  1)  wafer  was  dipped 
in  BHF.  The  Si02  was  grown  in  oxygen  at  900  °C 
for  70  min.  The  oxide  thickness,  measured  by  ellip- 
sometry,  was  found  to  be  :  Si(100)/BHF,  232  A; 
Si(100)/DHF,  214  A  and;  Si(lll)/BHF,  357  A. 
For  the  SPM  experiments  small  pieces 
(  ^  1  cm  X  1  cm)  were  cut  from  4"  wafers  ((100) 
and  (1 1  1))  of  hyperpure  silicon.  The  wafers  were 
examined  before  and  after  dipping  in  BHF  and 
DHF. 

The  neutron  reflectivity  measurements  were  per¬ 
formed  using  the  white  beam  time-of-flight  neutron 
reflectometer,  EROS,  at  Saclay.  Scanning  tunnell¬ 
ing  microscopy  experiments  were  performed  in 
UHV  using  an  Omicron  STM.  Samples  were  intro¬ 
duced  into  the  UHV  chamber,  via  a  load  lock 
pumped  with  a  turbomolecular  pump.  Samples 
were  examined  ‘as  inserted’  and  after  degassing 
(r-^200°C)  overnight.  This  procedure  generally 
gave  better  images.  Sample  bias  voltages  of  2-3  V, 
tunnelling  current  2  nA  were  typically  used.  An 


East  Coast  Scientific  instrument  was  used  for  the 
AFM  studies.  Measurements  were  taken  in  contact 
mode  in  liquid  (2-butoxyethanol). 


3.  Results 

Fig.  1  shows  STM  images  and  line  scans  ob¬ 
tained  from  Si(l  1 1)  and  Si(l  00)  wafers  dipped  in 
BHF  then  DI  water  rinsed.  Table  1  lists  AFM 
RMS  roughness  measurements  calculated  from 
Si (100)  and  Si(l  1  1)  ‘as  received’  and  after 
dipping  in  HF.  Table  1  also  lists  the  roughness 
measurements  for  the  Si/Si02  interface  from 
the  samples  used  in  the  neutron  experiments, 
after  removal  of  the  thermally  grown  oxide  with 
dilute  HF.  Corresponding  atomic  force  microscopy 
images  from  these  samples  and  from  Si  (100) 
‘as  received’  are  shown  in  Fig.  2.  Fig.  3  shows  the 
neutron  reflectivity  profiles  obtained  from  silicon 
wafers  with  200-300  A  of  thermally  grown 
Si02. 


Table  1 

AFM  roughness  measurements  for  Si(l  00)  and  Si(l  1 1)  wafers 
‘as  received’  and  after  HF  dipping  followed  by  DI  rinsing 


Sample 

Treatment 

Scan  size  (pm)  RMS  (A) 

Si(lOO) 

“as  received” 

1.0 

0.77 

0.6 

0.79 

Si  (100) 

BHF/DI 

4.0 

1.28 

1.0 

1.17 

0.6 

1.18 

Si(lOO) 

DHF/DI 

4.0 

1.49 

1.0 

1.18 

0.6 

1.06 

S!(l  1  1) 

“as  received” 

1.0 

1.42 

0.6 

1.22 

Si  (100)“ 

BHF/DI 

1.0 

1.8 

0.6 

1.7 

Si  (100)“ 

DHF/DI 

4.0 

2.76 

1.0 

1.99  ±0.01 

0.6 

1.5  ±  0.09 

Si(ll  1)“ 

BHF/DI 

1.0 

1.79 

0.6 

1.26  ±  0.22 

^  Si  samples  used  in  the  neutron  reflectivity  experiment,  after 
removal  of  the  thermally  grown  oxide  with  dilute  HF. 
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Fig.  2.  AFM  images,  0.6  x  0.6  [xm,  taken  in  2-butoxy-ethanol  from  (a)  Si  ( 1  0 0)  ^as  received’,  R MS  0.79  A;  (b)  Si  ( 1  0  0)  dipped  in  7 : 1  BH F 
prior  to  thermal  oxidation,  oxide  removed  with  10;  1  DHF,  RMS  1.7  A;  (c)  Si(l  00)  dipped  in  10;  1  DHF  prior  to  thermal  oxidation, 
oxide  removed  with  10:1  DHF,  RMS  1.42  A;  and  (d)  Si {1  1  1)  dipped  in  7:1  BFIF  prior  to  thermal  oxidation,  oxide  removed  with  10:1 
DHF,  RMS  1.28  A. 


4.  Discussion 

The  Si(l  1  1)  wafer  was  extremely  flat  over  the 
2000  A  maximum  STM  scan  length.  This  is  in 
agreement  with  previous  observations  of  BHF 
smoothing  Si(l  1  1)  surfaces  and  roughening 


Si  (100)  [7,11]  and  is  attributed  to  preferential 
etching  of  Si(l  1  1)  by  HF  solutions  of  higher  pH. 
Atomic  resolution  on  H-terminated  Si(l  1  1)  has 
been  observed  by  other  authors  [12,13]  but  was  not 
observed  in  the  present  study.  Etch  pits,  1  nm  deep, 
10  nm  wide  were  observed  on  the  Si  (100)  wafer 
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Fig.  3.  Neutron  reflectivity  profiles  for  silicon  samples  with 
200-300  A  gate  oxide,  after  various  pre-gate  oxide  treatments: 
(a)  Si[l  00]  dipped  in  BHF;  (b)  Si  [1  00]  dipped  in  DHF;  and 
(c)  Si  [11  1]  dipped  in  BHF. 


dipped  in  BHF.  It  is  doubtful  that  such  small  fea¬ 
tures  could  be  detected  by  AFM. 

The  roughness  parameter  is  dependent  on  the 
length  scale  of  the  scan.  On  the  smallest  scale  meas¬ 
ured  (0.6  X  0.6  pm)  the  RMS  roughness  is  greatest, 
as  expected,  for  Si  (100)  dipped  in  BHF.  This  re¬ 
mains  the  case  after  removal  for  the  thermally 
grown  oxide.  The  Si(l  00)  surface,  after  removal  of 
the  ‘native  oxide’  was  also  rougher  than  the  ‘as 
received’  wafer.  It  is  impossible  to  compare  directly 
the  wafers  used  in  the  neutron  experiments  with 
those  examined  ‘as  received’  since  these  came  from 
different  batches.  Further  studies  are  in  progress 
using  epitaxially  grown  silicon  wafers. 

Rocking  curves  for  Si(l  1 1)/BHF  and  SI 
(1  00)/DHF  showed  that  these  samples  used  in  the 
neutron  reflectivity  experiments  were  macroscopi- 
cally  flat,  within  instrumental  resolution.  However, 
broadening  of  the  rocking  curve  for  the 
Si(100)/BHF  showed  large-scale  surface  undula¬ 
tions,  i.e.,  on  a  scale  large  compared  to  the  coher¬ 
ence  length  of  the  neutron  ( 10  pm).  To  a  first 


approximation  these  can  be  modelled  as  a  deterio¬ 
ration  in  angular  resolution. 

The  reflectivity  profiles  (Fig.  3)  clearly  show  the 
interference  fringes  from  the  Si02  layer.  When  the 
scattered  wave  is  small  compared  to  the  incident 
wave,  the  interference  effects  can  be  described  in 
terms  of  a  refractive  index  n  given  by 

n  =  l-^Nb,  (1) 

2n 

where  N  is  the  atomic  number  density,  b  is  the 
bound  coherent  neutron  scattering  length  and  A  is 
the  wavelength  of  the  neutron.  The  form  of  the 
neutron  reflectivity  as  a  function  of  wave  vector 
transfer  Q  perpendicular  to  the  surface  is  deter¬ 
mined  by  the  refractive  index  profile  normal  to  the 
surface.  This  may  be  related  by  Eq.  (1)  to  the  layer 
thickness,  densities  and  roughness  at  the  interfaces. 
A  preliminary  analysis  indicates  that  the  layer  den¬ 
sity  is  consistent  with  amorphous  Si02,  and  the 
overall  layer  thicknesses  are  224,  205  and  356  A  for 
Si(100)/BHF,  Si(100)/DHF  and  Si(lll)/BHF 
respectively,  in  good  agreement  with  the  ellip- 
sometry  measurements.  The  Gaussian  interfacial 
roughnesses  are  all  small  (  <  4  A).  The  oxide  sur¬ 
face  of  the  Si(100)/BHF  sample  was  found  to  be 
the  roughest  (  ^  12  A).  Initial  analysis  of  the  data 
from  Si(lll)/BHF  gave  a  higher  interfacial 
roughness  than  the  other  two  samples.  This  was 
a  surprising  result  in  view  of  the  SPM  data.  How¬ 
ever,  it  is  possible  that  the  deviation  from  a  perfect¬ 
ly  sharp  interface  suggested  by  the  fit  to  the  data 
may  be  due  to  the  presence  of  an  intermediate  layer. 
A  full  analysis  of  the  data,  investigating  the  possi¬ 
bility  of  intermediate  layers  is  underway  and  will  be 
reported  in  elsewhere. 


5.  Conclusions 

Our  results  are  in  general  agreement  with  pre¬ 
vious  published  studies  utilising  other  characterisa¬ 
tion  techniques.  We  conclude  from  our  results  the 
following. 

Removing  the  native  oxide  with  BHF  leaves 
a  roughened  Si  (1 00)  surface  and  a  smoother 
Si(l  1 1)  surface.  There  is  also  evidence  for  some 
increased  roughness  after  dipping  Si  (1 00)  in  DHF. 
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Evidence  suggests  that  a  rough  silicon  surface  leads 
to  a  rough  oxide  surface. 

AFM  measurements  of  roughness  are  fast  to 
make  but  the  lateral  resolution  might  not  be  good 
enough  to  pick  out  individual  atomic  scale  defects 
which  might  be  responsible  for  break  down  of  gate 
oxides.  STM  offers  the  best  overall  lateral  resolu¬ 
tion  but  images  are  degraded  on  Si  wafer  samples 
without  further  in  vacuo  treatment.  In  general,  the 
scan  area  is  too  small  to  be  truly  representative  of 
a  wafer  surface. 

Using  SPM  to  study  buried  Si/Si02  interfaces 
the  Si02  must  first  be  removed  using  HF.  Great 
care  has  to  be  exercised  in  the  control  of  the  HF 
solution  strength,  purity  and  subsequent  water 
rinsing  to  avoid  confounding  effects  from  Si  surface 
etching. 

Neutron  reflectivity  has  slightly  poorer  resolu¬ 
tion  than  SPM  for  simple  roughness  measure¬ 
ments,  though  the  fact  that  this  technique  can 
probe  the  buried  interface  makes  it  worth  pursuing. 
The  major  benefit  of  the  neutron  reflectivity  tech¬ 
nique  is  the  potential  characterisation  of  the  oxide 
layer,  near  the  interface.  This  is  becoming  increasing¬ 
ly  important  as  gate  oxides  decrease  in  thickness. 
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Abstract 

Optical  second  harmonic  generation  has  been  applied  for  the  study  of  the  ion-implanted  Si02/Si(l  1  1)  interface  and 
Si(l  1  1)  surfaces.  Experimental  results  of  real-time  measurements  of  the  second  harmonic  generation  signal  during 
thermal  oxide  etching  are  presented  and  analyzed  taking  into  consideration  various  contributions  to  the  non-linear- 
optical  response  from  oxide/silicon  interface  such  as  the  silicon  substrate,  the  static  electric  field,  the  inhomogeneous 
deformation  and  the  crystalline  oxide  interlayer.  The  symmetry  properties  of  the  thermal  oxide/Si(l  1  1)  interface  have 
also  been  studied  by  measuring  the  rotational  dependences  of  the  second  harmonic  generation  signal  before  and  after 
oxide  etching.  It  is  shown  that  second  harmonic  rotational  anisotropy  and  intensity  strongly  depend  on  the  disordering 
of  the  interface  and  surface  induced  by  ion  implantation. 


L  Introduction 

The  insulator/silicon  interface  structure  is  of 
great  interest  from  both  fundamental  and  technolo¬ 
gical  point  of  view  and  has  therefore  stimulated 
theoretical  and  experimental  research  [1-3].  On 
the  other  hand,  the  increased  use  of  ion  implanta¬ 
tion  in  electronic  device  fabrication  has  increased 
interest  in  diagnostic  techniques  capable  of  probing 
both  the  implanted  ion  depth  distribution  and  the 
structural  changes  produced  by  the  implantation 
on  silicon  surfaces  and  interfaces.  Optical  tech¬ 
niques  are  particularly  attractive  here,  since  they 
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are  non-destructive  and  contactless.  At  the  same 
time,  these  techniques  can  be  used  to  make  real¬ 
time  measurements  with  high  spatial  resolution. 
Optical  second  harmonic  generation  (SHG),  in  par¬ 
ticular,  has  been  identified  as  a  versatile  and  sensi¬ 
tive  probe  for  surfaces  and  interfaces  [4-6].  This 
laser-based  method  has  the  advantage  of  being 
applicable  to  any  object  accessible  by  laser  beam 
and  can  be  used  for  the  control  of  the  technological 
processes  in  liquids  and  at  the  relatively  high  gas 
pressure  conditions  (conventional  surface  sensitive 
techniques  are  not  appropriate  for  this  purpose). 
This  method  is  especially  useful  in  the  case  of  ma¬ 
terials  with  inversion  symmetry  (e.g.,  Si  and  Ge) 
because  the  SHG  process  is  electric  dipole  forbid¬ 
den  within  the  bulk  of  the  centrosymmetric  media, 
but  allowed  in  the  near-surface  region  where  the 
inversion  symmetry  is  broken  [7].  The  SHG 
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method  is  very  suitable  for  the  study  of  the  surface 
and  interface  symmetry  as  well  as  for  the  study  of 
changes  in  these  symmetries  which  occur  at  phase 
transformations  and  at  any  surface  modifying  pro¬ 
cess  [8-10]. 

In  this  paper  we  report  the  experimental  results 
obtained  by  probing  ion-implanted  thermal  ox- 
ide/silicon  interface  structure  as  well  as  the  silicon 
surfaces  by  the  SHG  method. 


2.  Experimental  procedure 

In  our  experiments,  the  Si(l  1  1)  and  Si02/ 
Si(l  1  I)  samples  implanted  with  BF2  and  As^  ions 
with  energy  of  130keV  and  doses  of  10^^- 
10^^  cm“^  were  studied.  The  thermal  oxide  thick¬ 
ness  was  100  nm.  Thermal  annealing  of  the  in¬ 
vestigated  samples  was  carried  out  in  an  ultrahigh 
vacuum  chamber  at  a  base  pressure  of  10“^° 
Torr  at  the  temperature  of  ^  bOO^’C.  For  the  SHG 
experiments,  a  Q-switched  YAG:  Nd^^  (neodym¬ 
ium-doped  yttrium  aluminum  garnet)  laser  operat¬ 
ing  at  =  1064  nm  and  producing  15  nm  pulses  at 
a  5  Hz  repetition  rate  was  used.  The  s-polarized 
(i.e.,  polarized  perpendicularly  to  the  plane  of  inci¬ 
dence)  laser  radiation  was  incident  at  an  angle  of 
^  45°  onto  the  sample  surface.  The  power  density 
( 50  MW  cm“^)  was  well  below  that  of  the  thre¬ 
shold  of  any  laser-induced  damages  in  the  surface. 
The  reflected  SHG  signal  at  =  532  nm  was 
detected  by  a  photomultiplier  and  a  standard  box¬ 
car-integrator  technique  after  being  isolated  by  ap¬ 
propriate  spectral  filtering. 

The  symmetry  properties  of  the  ion-implanted 
Si02/Si(l  1  1)  interface  (before  and  after  oxide  etch¬ 
ing)  and  Si(l  1  1)  surfaces  (before  and  after  thermal 
annealing)  were  probed  by  measuring  the  SHG 
intensity  while  the  samples  were  rotated  about  their 
normal  at  a  constant  rate.  The  rotation  angle  cp  was 
defined  as  the  angle  between  the  plane  of  incidence 
and  the  projection  of  the  crystallographic  axis 
[1  00]  on  the  (1  1  1)  plane. 

The  study  of  Si02/Si(l  1  1)  interface  structure 
which  is  based  on  the  in  situ  control  of  the  slow 
chemical  etching  process  of  oxide  layer  by  the  SHG 
method  was  carried  out.  The  sample  located  in  an 
optical  cell  was  treated  with  the  solution 


Fig.  1.  p-polarized  SH  intensity  from  Si(l  1  1)  implanted  with 
BF2  (a,  b)  and  As^  (c,  d)  ions  with  an  energy  of  130  keV  and 
dose  of  lO^  'Ym"  “  before  (a,  c)  and  after  (b,  d)  thermal  annealing, 
respectively,  as  a  function  of  the  sample  rotation  angle  (p. 

(H2O  -h  NH4F  -h  HF)  at  room  temperature  and 
was  simultaneously  subjected  to  pump  radiation  at 
45°  incidence.  The  etching  rate  varied  from  10  to 
1  nmmin“^  depending  on  the  reagent  concentra¬ 
tion.  The  experimental  conditions  excluded  photo¬ 
chemical  etching  [11]. 

3.  Results 

Fig.  1  shows  p-polarized  (i.e.,  polarized  in  para¬ 
llel  to  the  plane  of  incidence)  SH  intensity  from 
Si(l  1  1)  implanted  with  BF2  and  As^  ions  with 
a  dose  of  10^^  cm~^  before  (Figs.  1(a)  and  (c))  and 
after  (Figs.  1(b)  and  (d))  thermal  annealing,  respec¬ 
tively,  as  a  function  of  the  sample  rotation  angle 
cp  in  the  polar  coordinate  system.  It  should  be 
noted  that  in  the  case  of  the  initial  Si(l  1  1)  surface 
(assumed  symmetry),  the  hoA^P)  dependence  is 
well  approximated  by  (A  +  B  cos3(/))^  for  p-polar¬ 
ized  SHG  light,  where  the  isotropic  contribution 
A  (it  does  not  depend  on  the  angle  cp)  is  much 
less  than  the  anisotropic  contribution  B  to  the 
SHG  and,  therefore,  shows  six  equally  spaced 
peaks  [12]. 
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Fig.  2.  p-polarized  SH  intensity  from  Si02/Si(l  1  1)  samples  implanted  with  BF2  with  an  energy  of  130  keV:  with  a  dose  of  10^"^  cm“^ 
before  (a)  and  after  (b)  thermal  oxide  etching,  with  a  dose  of  10 cm"  ^  before  (c)  and  after  (d)  thermal  oxide  etching  as  a  function  of  the 
sample  rotation  angle  cp.  The  initial  oxide  thickness  is  100  nm. 


Fig.  2  shows  p-polarized  SH  intensity  from 
Si02/Si(l  1  1)  samples  implanted  with  BF2  with 
a  dose  of  10^"^  cm"^  before  (Fig.  2(a))  and  after 
(Fig.  2(b))  oxide  etching  as  well  as  with  a  dose  of 
10^^  cm“^  before  (Fig.  2(c))  and  after  (Fig.  2(d))  ox¬ 
ide  etching,  respectively,  as  a  function  of  the  sample 
rotation  angle  cp. 

To  probe  the  Si02/Si(l  1  1)  interface  structure 
the  real-time  measurements  of  the  second  harmonic 
generation  signal  during  thermal  oxide  etching 
were  carried  out.  The  intensity  of  the  reflected 
pump  radiation  at  =  1064  nm  did  not  change 
during  the  oxide  etching,  which  proves  the  uni¬ 
formity  of  the  etching  process  and  absence  of  con¬ 
siderable  interference  effects  in  the  oxide  film.  The 
etching  rate  was  F  =  (6  +  1)  nmmin“^  Assuming 
that  the  etching  process  is  linear  [13],  we  trans¬ 
formed  /2co(0  to  /2aj(^ox)»  where  oxide  thickness 
dox  =  di^  —  Vt  (where  is  initial  thermal  oxide 


thickness,  t  is  the  etching  time).  Fig.  3  shows  the 
p-polarized  SH  intensity  reflected  from  Si02/ 
Si(l  1  1)  samples  implanted  with  BF2  with  doses 
of  D  —  lO^'^cm”^  (curve  1)  and  D  =  10^^cm“^ 
(curve  2)  as  a  function  of  the  oxide  thickness. 


4.  Discussion 

It  is  seen  that  the  l2co{<P)  dependences  change 
considerably:  the  threefold  (111)  symmetry  is 
clearly  broken  (see  Figs.  1(a)  and  (c)),  but  after 
thermal  annealing  the  symmetry  is  reconstructed 
(Figs.  1(b)  and  (d)).  It  is  also  seen  (comparing 
Fig.  1(a)  with  Fig.  1(c))  that  implantation  of  BF2 
changes  the  Si(l  1 1)  symmetry  more  than  the  im¬ 
plantation  of  As^  ions.  For  s-s  polarization  ge¬ 
ometry  (s-polarized  SHG  signal  is  registered)  only 
a  week  isotropic  signal  was  detected  from  both 
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Oxide  thickness,  nni 


Fig.  3.  Variation  of  the  SH  intensity  reflected  from  SiO^/ 
Si(l  1  1)  samples  implanted  with  BF,  with  an  energy  of  130  keV 
and  doses  of  D— lO^'^cm  ’  (curve  1)  and  D— 10^^cm““ 
(curve  2)  during  thermal  oxide  etching.  The  initial  oxide  thick¬ 
ness  is  100  nm. 


BF2  and  As'^  implanted  Si(l  1  1)  samples,  but  after 
thermal  annealing  the  symmetry  properties  of 
Si(l  1  1)  were  reconstructed  and  corresponded  to 
initial  not  implanted  Si(l  1  1)  symmetry.  The  s-po- 
larized  SHG  intensity  was  proportional  to  sin~(3(p) 
and  thus  showed  six  equivalent  maxima  that  were 
equally  spaced  [9,  12]. 

The  results  obtained  (see  Fig.  2)  show  a  strong 
effect  of  the  ion  implantation  on  the  redistribution 
of  the  peak  amplitudes  (compare  Fig.  2(a)  with 
Fig.  2(c)).  It  was  observed  that  the  increasing  of  the 
implantation  dose  leads  to  the  increasing  of  the 
SHG  isotropic  contribution  which  is  connected 
with  the  increase  of  the  interface  disordering  in¬ 
duced  by  ion  implantation. 

Examining  the  /2w(^ox)  dependences  in  Fig.  3, 
we  suppose  that  the  slight  drop  at  the  beginning  of 
both  curves  1  and  2  is  connected  with  the  decrease 
in  the  thermoelastic  strain  contribution  to  the  SHG 
[2]  as  well  as  in  the  contribution  of  the  static 
electric  field  which  takes  place  in  the  oxide/silicon 
interface  [14,  15].  It  is  known  that  maximum  ther¬ 
moelastic  strain  concentration  (  --  10  kbar)  is  on 
the  Si02/Si  interface  [2].  Therefore,  when  the  oxide 
layer  is  becoming  very  thin,  the  thermoelastic  strain 
breaks  off  it,  which  induces  the  creation  of  the 
microcrystal  oxide  islands.  Such  island-shaped  cry¬ 
stalline  regions,  in  their  turn,  can  cause  an  increase 
in  the  reflected  SH  signal  [16]  (see  the  peak  in 


curve  1).  The  abrupt  decrease  of  the  SH  intensity 
(curve  1)  at  the  end  of  the  etching  process  shows 
that  the  non-linear  response  is  mainly  determined 
by  the  thin  transition  oxide  layer  of  5  nm  thick¬ 
ness  as  well  as  that  the  Si02/Si(l  1  1)  interface  is 
sharp  within  an  atomic  dimension  [1,  17,  18].  The 
silicon  substrate  contribution  to  the  nonlinear  re¬ 
sponse  of  the  BF2'  implanted  Si02/Si(l  1  1)  inter¬ 
face  is  ^  15%  of  the  total  value. 

The  different  behavior  of  the  SH  intensity  in  the 
case  of  Si02/Si(l  1  1)  sample  implanted  with 
D  —  10^^  cm‘“  (curve  2)  suggests  that  the  dose  of 
10^^  cm is  enough  to  destroy  the  interface  sharp¬ 
ness  and  to  relax  the  thermoelastic  strains  on  the 
interface.  So  the  monotonic  decrease  of  SH  inten¬ 
sity  at  the  end  of  the  etching  process  is  observed 
(curve  2).  In  this  case,  non-linear  optical  response  is 
mainly  determined  by  the  oxide  layer  of  ^  25  nm 
thickness  and  the  silicon  substrate  contribution  to 
the  non-linear  response  of  the  ion-implanted 
Si02/Si(l  1  1)  interface  does  not  exceed  10%  of  the 
total  value. 


5.  Conclusions 

The  in  situ  control  of  the  selective  etching  of  the 
thermal  oxide  made  it  possible  to  discover  the 
qualitative  difference  between  the  non-linear-op- 
tical  responses  from  Si02/Si(l  1  1)  interfaces  im¬ 
planted  with  BF2  in  doses  of  lO^'^cm”^  and 
10^^  cm”^.  In  both  cases  the  non-linear  optical 
response  is  mainly  determined  by  the  transition 
oxide  layer  (  5  nm  and  25  nm)  which  is  adjac¬ 

ent  to  silicon  substrate.  The  high  contribution  of 
this  layer  to  the  SHG  can  be  explained  by  the 
existence  of  a  space-charge  region  [14,15]  and 
a  crystalline  oxide  interlayer  with  non-centrosym- 
metric  structures  [1,  17]  situated  between  a  thick 
amorphous  oxide  layer  and  the  silicon  substrate.  It 
is  shown  that  SHG  method  is  sensitive  and  suitable 
for  the  characterization  of  ion-implanted  silicon 
surfaces  and  thermal  oxide/silicon  interface  struc¬ 
tures.  The  correlation  between  isotropic  and  an¬ 
isotropic  contributions  to  the  SHG  could  be  used 
as  quantitative  criteria  for  the  surface  and  interface 
disordering  induced  by  ion  implantation  or  other 
factors. 
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Abstract 

The  current  experimental  understanding  of  the  interactions  between  hydrogen  and  defects  in  the  MOS  system,  plus  the 
theoretical  progress  to  date  toward  explaining  these  observations  are  reviewed.  One  of  the  outstanding  theoretical 
problems  is  the  dissociation  of  hydrogen  molecules  in  Si02.  A  simple  but  fully  quantum  mechanical  treatment  of  the 
dissociation  of  hydrogen  molecules  at  silicon  dangling  orbitals  in  Si02  is  presented.  It  is  found  that  inclusion  of  quantum 
mechanical  effects  in  the  treatment  of  nuclear  motion  is  fundamentally  important  to  understanding  the  dissociation 
process.  In  the  model  calculations,  it  is  estimated  that  the  activation  energy  is  0.16  eV,  in  very  good  agreement  with  the 
experimental  results  of  Li  et  al. 


1.  Introduction 

Over  the  past  twenty  years  it  has  become  obvi¬ 
ous  that  hydrogen  plays  several  complex  roles  in 
the  behavior  of  silicon-based  metal-oxide-semicon- 
ductor  (MOS)  devices.  In  the  mid  1970s  Balk  found 
that  if  an  MOS  capacitor  or  a  field-effect  transistor 
was  subjected  to  a  400°C  anneal  in  forming  gas 
(90%  N2,  10%  H2),  there  was  a  dramatic  decrease 
in  the  density  of  interface  traps  [1].  This  discovery 
was  probably  the  reason  for  the  success  of  the  MOS 
process.  Within  the  last  10-15  years,  however,  sev¬ 
eral  groups  have  identified  degradation  processes 
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that  rely  on  the  presence  of  hydrogen  [2-5].  All  of 
the  models  for  these  processes  involve  the  transport 
of  a  hydrogenic  species  to  the  Si-Si02  interface, 
where  it  causes  an  increase  in  the  number  of  inter¬ 
face  states.  Initially  the  models  were  mostly  specu¬ 
lative  and,  at  best,  relied  on  indirect  evidence  for 
their  validity.  Only  recently  have  both  experi¬ 
mental  and  theoretical  studies  started  to  give 
a  detailed  understanding  of  hydrogen  chemistry  in 
Si02,  Si,  and  at  the  Si-Si02  interface.  This  under¬ 
standing  is,  of  course,  crucial  for  deciding  the  ap¬ 
propriate  use  of  hydrogen  in  the  fabrication  of 
MOS  devices. 

In  this  paper,  we  review  the  experimental  and 
theoretical  understanding  of  the  interaction  be¬ 
tween  both  atomic  and  molecular  hydrogen  and 
defects  in  the  MOS  system.  We  also  present  our 
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recent  theoretical  results  for  hydrogen  reactions, 
including  a  fully  quantum  mechanical  model  for 
H2  dissociation  at  a  defect  in  a-Si02,  the  center. 
The  inclusion  of  quantum  mechanical  treatment  of 
the  nuclear  motion  is  essential  for  understanding 
this,  and  probably  any  other,  H2  dissociation  reac¬ 
tion.  The  balance  of  the  paper  is  organized  as 
follows.  In  Section  2,  we  present  the  current  under¬ 
standing  of  hydrogen  interactions  with  defects  in 
a-Si02.  In  Section  3,  we  present  our  theoretical 
results  and  compare  them  to  experiment.  We  pre¬ 
sent  a  brief  discussion  of  our  results  in  Section  4, 
and  conclude  in  Section  5. 


2.  Experimental  and  theoretical  background 

In  this  section  we  present  a  fairly  focused  review 
of  experimental  results  and  theoretical  calculations 
pertaining  to  interactions  of  hydrogen  with  defects 
in  the  MOS  system.  We  review  the  earliest  litera¬ 
ture  that  showed  the  beneficial  effects  of  hydrogen. 
We  also  include  experimental  results  that  are  rele¬ 
vant  to  one  of  the  two  models  for  device  degrada¬ 
tion.  The  first  model  (model  I),  originally  proposed 
by  McLean  [5],  and  later  revisited  by  Griscom  and 
co-workers  [6,7],  addresses  the  long-term  buildup 


of  interface  states  in  irradiated  MOS  devices  that 
was  first  observed  by  Winokur  and  Boesch  [8].  The 
second  model  (model  II)  was  developed  by  DiMaria 
and  co-workers  over  many  years  to  address  a  large 
set  of  data  on  hot-electron  degradation  in  MOS 
devices.  We  discuss  each  model  in  turn. 

2.7.  Model  I 

In  the  late  1970s  Winokur  and  co-workers  per¬ 
formed  a  series  of  time-resolved,  irradiation  experi¬ 
ments  wherein,  after  a  very  short  burst  of  high 
energy  irradiation,  the  growth  of  interface  states 
was  monitored  over  several  decades  in  time  under 
a  variety  of  biasing  conditions  [8].  The  results  are 
shown  in  Fig.  1.  Note  that  there  is  a  very  strong 
bias  dependence;  devices  that  were  held  under  posi¬ 
tive  bias  throughout  the  experiment  showed  the 
largest  final  interface  state  density,  while  devices 
held  under  negative  bias  after  the  irradiation 
showed  only  a  small  increase  that  occurred  over 
a  short  time  interval.  Furthermore,  in  devices  that 
underwent  switched  bias  procedures,  the  data  indi¬ 
cates  that  the  buildup  of  interface  states  was  halted 
during  the  negative  bias  intervals,  and  resumed 
during  the  positive  bias  intervals.  However,  the 
final  value  of  interface-state  density  decreased 


Fig.  1.  Density  of  interface  states  at  mid-gap  as  a  function  of  time  after  a  7  ps  LIN  AC  irradiation.  From  Ref.  [5]. 
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H2  +  C.  S.  <=>  H+  +  C.  S.-H 


t 

HO  +  H  —  +  H2  Si02 


Electrically  active  Interface  state 


Fig.  2.  Model  proposed  originally  by  McLean  [5],  and  later 
revised  by  Griscom  [7]  to  explain  the  bias-dependent,  long-term 
buildup  of  interface  states  shown  in  Fig.  1.  From  Ref.  [7]. 


monotonically  with  the  increase  of  the  duration  of 
the  negative  bias  intervals.  In  Fig.  2,  we  present 
a  schematic  representation  of  model  I,  as  articu¬ 
lated  by  McLean  and  modified  by  Griscom.  The 
two  processes  that  are  fundamental  to  this  model 
are  (1)  the  creation  of  a  positively  charged  hydro- 
genic  species,  which  we  shall  call  a  proton,  that 
migrates  toward  the  Si-Si02  interface  under  the 
influence  of  a  positive  gate  bias,  and  toward  the 
metal  gate  under  the  influence  of  a  negative  bias, 
and  (2)  an  interaction  between  this  proton  and  the 
interface  through  which  a  trivalent  silicon  atom 
that  is  initially  passivated  by  a  hydrogen  atom 
becomes  depassivated.  Griscom  suggested  the  reac¬ 
tion  shown  in  Fig.  2.  Note  the  central  role  hydro¬ 
gen  plays  in  this  model.  We  should  mention  that 
when  McLean  originally  proposed  this  model  it 
was  highly  speculative.  While  Hofstein  had  given 
some  experimental  evidence  for  the  existence  of 
protons  in  Si02,  Raider  and  Flitsch  subsequently 
showed  that  his  results  were  suspect  [9].  Further¬ 
more,  the  connection  between  Hofstein’s  results 
and  radiation  effects  was  tenuous.  Finally,  the  in¬ 
teraction  of  hydrogen  at  the  interface  was  only 
hypothetical. 

22.  Model  II 

Over  the  last  twenty  years,  DiMaria  and  co¬ 
workers  have  studied  the  effects  of  carrier  injection 


on  device  reliability.  While  many  other  groups  have 
contributed  to  our  understanding  of  these  phe¬ 
nomena,  the  DiMaria  group  has  used  the  most 
complete  set  of  tools,  including  electrical  measure¬ 
ments  (C-K  and  I-V\  ESR,  Nuclear  reaction  anal¬ 
ysis  and  very  careful  Monte  Carlo  simulations.  We 
will  discuss  only  their  results  on  electron  injection. 
They  have  shown,  and  others  have  confirmed,  that 
significant  device  degradation  occurs  only  if  the 
field  in  the  oxide  is  larger  than  1.5  MV/cm.  Monte 
Carlo  simulations  indicate  that  this  field  strength  is 
the  approximate  threshold  for  electron  heating.  For 
fields  larger  than  1.5  MV/cm,  electrons  can  gain 
and  maintain  significant  kinetic  energy  (several  eV 
above  the  conduction  band  edge).  In  the  model 
proposed  to  explain  this  phenomenon,  the  heated 
electrons  deposit  their  energy  at  the  anode.  If  their 
excess  kinetic  energy  is  greater  than  --2.3  eV,  they 
will  liberate  a  neutral  hydrogenic  species  that  can 
migrate  to  the  cathode  where  it  creates  interface 
states.  For  a  more  complete  description  of  this 
work  see  Refs.  [2,10]. 

In  both  of  these  models,  a  hydrogenic  species  is 
assumed  to  traverse  the  oxide  and  to  create  inter¬ 
face  states.  Thus,  our  experimental  review  will  be 
limited  to  results  that  pertain  to  these  two  conjec¬ 
tures.  Interestingly  enough,  the  same  mechanisms 
that  lead  to  interface  state  passivation  are  part  of 
the  physics  of  depassivation. 

2.2.  /.  Hydrogen  interactions  at  the  Si-Si02  interface 

As  noted  in  the  introduction.  Balk  was  the  first  to 
observe  that  an  annealing  step  at  —  560°C  (post¬ 
metallization  anneal,  or  PMA),  designed  to  form  an 
ohmic  contact  between  aluminum  and  silicon,  re¬ 
duced  the  number  of  so-called  fast-states  dramati¬ 
cally  [1].  We  should  point  out  that  what  Balk  and 
others  referred  to  as  fast-states  are  now  called  sim¬ 
ply  interface  states.  We  will  use  the  terms  inter¬ 
changeably.  This  anneal  occurs  after  the  deposition 
of  the  aluminum  on  top  of  the  Si02  gate  dielectric. 
Balk  surmised  that  water  reacted  with  the  alumi¬ 
num,  forming  a  mobile  hydrogenic  species  that 
migrated  to  the  Si-Si02  interface,  where  it  reacted 
with  the  fast  states.  Deal  and  co-workers  also  con¬ 
tributed  to  the  empirical  understanding  of  this  phe¬ 
nomenon  [11].  They  fabricated  Al-Si3N4- 
Si02-Si  structures,  where  the  Si02  was  grown 
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thermally,  and  the  Si3N4  was  deposited  using  SiCU 
and  NH3,  or  SiH4  and  NH3  in  a  chemical  vapor 
deposition  reactor.  The  carrier  gas  was  either  H2  or 
N2.  Structures  fabricated  using  N2  as  a  carrier  gas 
that  received  a  PMA  did  not  exhibit  the  reduction 
in  fast-states  observed  by  Balk,  while  those  fab¬ 
ricated  using  H2  as  a  carrier  gas  showed  a  signifi¬ 
cant,  though  smaller  reduction.  It  is  well  known 
that  Si3N4  is  an  excellent  diffusion  barrier.  Thus, 
one  would  expect  a  Si3N4  layer  to  inhibit  motion  of 
H  to  the  Si-Si02  interface.  In  the  same  paper.  Deal 
and  co-workers  reported  further  experiments  in¬ 
volving  three-layer  dielectric  stacks  that  lent 
strong  support  to  this  interpretation,  and  hence 
to  Balk’s  model.  We  should  point  out,  however, 
that  the  model  for  this  phenomenon  was  merely 
speculative.  The  nature  of  the  fast-states  was  un¬ 
known,  and  it  was  not  clear  whether  H  or  H2  was 
the  diffusing  hydrogenic  species.  Do  Thanh  and 
Balk  revisited  this  problem  using  H  and  H2  sources 
and  a  variety  of  annealing  regimens  [12].  They 
found  that  the  efficiency  of  passivation  was  a  func¬ 
tion  of  temperature.  Lower  temperature  annealing 
steps  ( ^  200°C)  gave  less  efficient  passivation  than 
higher  temperature  ('^400°C)  steps.  This  had,  in 
fact,  been  observed  by  Razouk  and  Deal  much 
earlier.  However,  Do  Thanh  and  Balk  found  that 
the  degree  of  passivation  depended  on  the  last 
anneal  temperature.  If  they  gave  a  sample  a  400°C 
anneal  for  one  hour,  followed  by  a  200°C  anneal  for 
one  hour,  the  number  of  interface  states  would 
increase  during  the  second  anneal.  They  also  found 
that  the  source  of  hydrogen  (atomic  or  molecular) 
had  little  effect  on  the  final  degree  of  passivation;  it 
only  effected  the  kinetics.  Anneals  in  atomic  hydro¬ 
gen  reached  their  steady-state  value  much  more 
rapidly. 

All  of  the  studies  discussed  so  far  relied  on  elec¬ 
trical  measurements.  While  these  methods  have  re¬ 
markable  sensitivity,  they  give  little  information 
about  the  reactions  responsible  for  changes  in  fast- 
state  densities.  The  most  useful  technique  applied 
to  this  system  for  obtaining  microscopic  informa¬ 
tion  has  been  electron  spin  resonance  (ESR). 
Through  ESR,  Poindexter  et  al.  were  the  first  to 
surmise  and,  later,  Brower  was  the  first  to  demon¬ 
strate  without  ambiguity,  that  trivalent  silicon 
atoms  give  rise  to  fast-states  [13,14],  Later,  Brower 


and  co-workers  gave  the  first  clear  evidence  about 
the  chemical  reactions  that  lead  to  passivation  of 
interface  states.  Working  over  fairly  large  ranges  in 
temperature  and  H  partial  pressure,  Brower  and 
Myers  deduced  that  the  passivation  reaction  fol¬ 
lows  the  form 

Si3  =  Si  •  -h  H2^Si3  -  Si-H  -h  H  .  (1) 

Here,  the  =  symbol  indicates  that  the  silicon  is 
bonded  to  three  equivalent  silicon  atoms,  and  the 
•  symbol  indicates  an  unpaired  electron.  Brower 
obtained  a  1.66  eV  activation  energy  for  the  reac¬ 
tion  in  Eq.  (1).  In  other  experiments,  Brower  and 
Myers  determined  that  the  Si-H  binding  energy  at 
a  Pb  center  was  about  2.46  eV.  Assuming  that  the 
binding  energy  of  H  2  is  changed  little  in  Si02,  then 
the  reverse  reaction  (Eq.  (1)  going  right  to  left) 
should  occur  without  activation. 

The  <1  1 1>  interface  appears  to  be  understood 
relatively  well  experimentally.  While  there  are  in¬ 
teresting  features  of  Pb  centers  that  are  unresolved 
[15],  the  nature  of  the  defect  is  not  in  question.  This 
is  true  in  part  because  several  theoretical  studies 
have  led  to  qualitatively  identical  conclusions.  Ed¬ 
wards  [16]  and  Cook  and  White  [17,18]  studied 
the  Pb  center  in  the  <(H  O  interface.  Their  cal¬ 
culated  ^^Si  principal  hyperfine  values  agreed  very 
well  with  those  reported  by  Brower.  Furthermore, 
both  groups  predicted  a  superhyperfine  interaction 
that  was  subsequently  confirmed  by  Brower  [19] 
and  by  Carlos  [20].  This  agreement  is  significant 
because  the  methods  used  by  Edwards  and  by 
Cook  and  White  were  significantly  different.  While 
both  used  a  molecular  orbital  framework  applied 
to  similar  clusters  of  atoms,  Edwards  used 
a  semiempirical  Hamiltonian,  while  Cook  and 
White  used  local  density  theory.  Using  the  same 
semiempirical  Hamiltonian,  Edwards  has  studied 
the  interaction  of  hydrogen  with  dangling  orbital 
defects  at  the  <1 1 1>  Si-Si02  inferface  [21].  Using 
semiempirical  methods,  he  predicted  a  1.3  eV  ac¬ 
tivation  energy  for  Eq.  (1)  and  an  Si-H  binding 
energy  of  2.7  eV.  Furthermore,  the  potential  surfa¬ 
ces  were  in  complete  agreement  with  Brower’s  sur¬ 
mise  that  the  depassivation  reaction  should  have 
a  negligible  activation  energy. 

The  nature  of  interface  states,  and  of  their  inter¬ 
actions  with  hydrogen,  are  more  poorly  understood 
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on  the  <1  00>  interface.  On  this  interface  there  are 
two  distinct,  spin  active  defects,  labeled  Pbi  and 
Pbo,  that  give  rise  to  fast  states.  Pbo  has  ESR  para¬ 
meters  nearly  identical  to  the  Pb  center  on  the 
<1  1  1>  interface.  The  Pbi  defect  is  significantly  dif¬ 
ferent,  however,  so  that  it  is  not  clear  whether  the 
kinetics  observed  on  the  <1  1  1>  interface  should  be 
identical  to  those  on  the  <1  00>  interface.  Recently, 
Cartier  et  al.  have  performed  experiments  similar  to 
Do  Thanh  and  Balk’s,  but  using  ESR,  instead  of 
electrical  measurements,  to  monitor  changes  in  the 
density  of  interface  states  on  both  <11  1>  and 
<10  0)  interfaces  [22].  Their  results  were  as  sur¬ 
prising  as  they  were  enlightening.  On  both  interfa¬ 
ces,  the  direction  in  which  Eq.  (1)  was  driven  de¬ 
pended  on  the  preceding  treatment,  in  qualitative 
agreement  with  Do  Thanh  and  Balk.  On  the  <  1  1  1  > 
interface,  their  results  are  also  in  agreement  with 
Brower’s  results;  if  initially  there  are  many 
Pb  centers  (i.e.  after  a  vacuum  anneal)  then  expo¬ 
sure  to  atomic  hydrogen  will  passivate  most  of 
them,  and  the  ESR  intensity  will  decrease.  On  the 
other  hand,  if  there  is  a  relatively  high  initial  level  of 
hydrogen  passivation  (as  for  an  as-grown  sample), 
then  a  room  temperature  anneal  will  actually  lead  to 
depassivation  because  of  the  1.66  eV  activation  en¬ 
ergy  measured  by  Brower.  The  <100)  results  were 
more  complex  and  harder  to  understand.  The 
Pbo  and  Pbi  defects  exhibited  strikingly  different 
behavior  from  each  other,  and  the  Pbo  defect  on  the 
<100)  interface  behaved  differently  from  the 
Pb  center  on  the  <1  1  l>  interface.  We  would  expect 
that  both  signals  would  decrease  on  vacuum-an¬ 
nealed  samples  and  increase  on  as-grown  samples 
exposed  to  atomic  hydrogen.  However,  on  vacuum- 
annealed  <100)  interfaces,  the  Pbi  signal  de¬ 
creased  much  more  readily  than  the  Pbo  signal, 
while  on  as-grown  interfaces,  the  Pbo  increased 
much  more  readily  than  the  Pbi  signal  (see  Fig.  2, 
Ref.  [23]).  A  careful  discussion  of  these  results 
would  require  a  larger  digression  than  is  warranted 
for  our  purposes.  Furthermore,  because  there  are 
no  detailed  microscopic  models  for  Pbo  and 
Pbi  that  agree  with  all  experimental  results,  theor¬ 
ists  are  unable  to  contribute  to  our  understanding 
of  this  very  interesting  set  of  results.  We  note, 
however,  that  despite  the  surprising  behavior  of 
each  defect,  taken  together,  they  behave  as 


would  be  expected;  the  total  number  of  defects 
increases  on  an  as-grown  interface  and  decreases 
on  a  vacuum-annealed  interface  upon  exposure  to 
atomic  hydrogen.  Thus,  while  the  depassivation 
may  not  follow  the  simple  physics  of  Eq.  (1),  Stathis 
and  Cartier  have  demonstrated  that  it  will  occur 
[23]. 

2.2.2.  Hydrogen  interactions  in  the  oxide 

Several  recent  experiments  have  confirmed  and 
broadened  the  McLean  model  for  long-term  buil¬ 
dup  of  interface  states  by  altering  the  amount  of 
hydrogen  present  in  the  oxide,  and  by  replacing 
hydrogen  with  deuterium.  These  experiments  have 
been  reviewed  recently  in  Ref.  [24],  so  we  will  only 
outline  the  results.  Saks  and  co-workers  have  per¬ 
formed  several  studies  to  address  whether  the  bias 
dependence  of  McLean’s  data  was  due  to  a  posit¬ 
ively  charged,  hydrogenic  species  moving  through 
the  oxide.  In  one  experiment,  MOS  devices  were 
irradiated  and  held  under  a  positive  bias  while  the 
temperature  was  varied  between  77  K  and  room 
temperature  [25].  At  temperatures  below  ~  130  K, 
there  was  no  appreciable  buildup  of  interface  states, 
while  above  this  temperature,  they  obtained  data 
similar  to  that  of  Winokur.  This  result  was  import- 
at  because  it  correlated  strongly  with  the  low  tem¬ 
perature  ESR  studies  of  Brower  et  al.  [26],  wherein 
they  observed  large  quantities  of  atomic  hydrogen 
(identified  through  its  hyperfine  interaction)  be¬ 
low  130  K,  and  almost  none  above,  indicating  that 
above  130  K,  the  neutral  hydrogen  atoms  become 
mobile  and  either  rcombine  to  form  H2  or  combine 
with  self-trapped  holes  to  become  protons.  In 
another  experiment  the  same  group  measured 
C~V  shifts  as  a  function  of  time  for  MOS  capaci¬ 
tors  that  have  been  irradiated  and  subsequently 
held  under  positive  bias  [27].  They  observed 
a  small  but  measurable  negative  shift  in  the 
C-V  curves  with  time,  indicating  that  a  positive 
species  was  traversing  the  oxide.  Finally,  they 
saturated  two  sets  of  identical  MOS  capacitors 
with  H2  and  with  D2  and  performed  irradiation 
experiments  similar  to  those  in  Ref.  [8]  [3].  If 
hydrogen  transport  is  part  of  the  process  that 
leads  to  long-term  buildup  of  interface  states,  one 
would  expect  an  isotope  effect;  interface  states 
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TIME  AFTER  IRRADIATION  (s) 


Fig.  3.  Density  of  interface  states  for  irradiated  MOS  capacitors 
that  have  been  exposed  to  H2  and  to  D2.  Boxed  numbers  are 
values  of  the  oxide  electric  field  (in  MV/cm)  during  post-irradia¬ 
tion  anneal.  -  7/  +  7  refers  to  a  switched-bias  experiment. 
Figure  from  Ref.  [3]. 


should  build  up  more  slowly  in  the  D2  samples 
than  in  the  H2  samples.  The  results,  shown  in 
Fig.  3,  are  even  more  dramatic  than  would  be  pre¬ 
dicted  from  classical  diffusion.  If  one  assumes  that 
the  diffusing  species  is  essentially  uncoupled  from 
the  system,  and  if  one  ignores  the  effects  of  random¬ 
ness  inherent  in  an  amorphous  system,  the  classical 
diffusion  rate  should  be  proportional  to 
Flynn  and  Stoneham  [28]  and  Kagan  and  Klinger 
[29]  have  considered  various  quantum  mechanical 
modifications  to  the  theory.  In  the  temperature 
range  of  the  Saks-Rendell  experiment,  the  diffusion 
coefficient  is  predicted  to  be  proportional  to  either 
m~^  or  The  isotope  dependence  observed  by 

Saks  and  Rendell  was  between  1.8  and  3.2  times  as 
large  as  that  predicted  by  dependence.  The 

discrepancy  can  be  explained  by  a  dispersive  trans¬ 
port  model  appropriate  to  amorphous  materials 
[3].  It  could  be  argued  that  the  concentration  of 
hydrogen  is  much  larger  than  would  be  found  in 
commercial  devices,  and  so  the  conclusions  may 
not  be  generally  applicable.  However,  the  time  de¬ 
pendence  is  identical  to  that  of  the  Winokur  results, 
when  the  difference  in  oxide  field  is  taken  into 
account.  Thus,  for  irradiated  devices,  these  results 
give  the  clearest  possible  indication  that  the 
McLean-Griscom  model  is  correct. 

Other  groups  have  also  performed  experiments 
that  illuminate  the  crucial  importance  of  hydrogen. 
Stahlbush  and  coworkers  have  performed  several 
sets  of  experiments  in  which  forming  gas  was 


Fig.  4.  The  effect  of  the  ambient  upon  the  number  of  interface 
states,  iVjt,  and  upon  the  number  of  trapped  positive  charges, 
iVot,  in  a  5-p-long  irradiated  MOSFET  with  its  gate  at  -t-  5  V. 
Flydrogen  (10/90%  H2/N2)  is  introduced  at  0  and  48  h  and 
nitrogen  is  introduced  at  4  and  76  h.  Arrows  a,  b,  and  c  point  to 
the  ambient  changes  at  4,  48,  and  76  h,  respectively.  The  MOS¬ 
FET  is  irradiated  to  1  Mrad(Si02)  65  h  before  hydrogen  is  first 
introduced.  From  Ref.  [4]. 

introduced  into  MOS  field  effect  transistors  held 
under  several  different  biasing  conditions  after  X- 
irradiation  [4,30,31].  In  Fig.  4,  we  show  some  of 
the  most  dramatic  data  obtained  during  these  ex¬ 
periments.  The  devices  from  which  these  data  were 
obtained  were  held  under  positive  bias  during  and 
after  irradiation  and  held  in  a  nitrogen  atmosphere 
for  65  h  prior  to  any  hydrogen  exposure,  to  exhaust 
the  rapid  self-annealing.  After  this  nitrogen  expo¬ 
sure,  the  devices  were  exposed  to  forming  gas 
(10%  H2)  at  t  =  0  and  at  the  time  b.  At  times  a 
and  c,  the  hydrogen  was  removed.  Note  that  during 
oxygen  exposure  there  is  a  dramatic  increase  in 
interface  state  density  concomitant  with  a  similar 
decrease  in  oxide  positive  charge.  This  effect  is 
highly  dependent  on  the  sign  of  the  gate  bias; 
for  negative  gate  voltages  the  oxide  positive 
charge  decreases  at  roughly  the  same  rate,  but 
the  interface  states  increase  much  more  slowly. 
To  explain  these  observations,  Stahlbush  et  al. 
modified  the  McLean  model  to  include  a  reaction 
in  which  molecular  hydrogen  was  dissociated 
at  a  pre-existing,  positively  charged  defect  [31]. 
As  shown  in  Fig.  2,  it  was  assumed  that  this  reac¬ 
tion  would  lead  to  the  creation  of  a  proton. 
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As  part  of  this  set  of  studies,  Edwards  performed 
a  set  of  semiempirical  molecular  orbital  calcu¬ 
lations  on  two  model  defects  for  the  dissociation 
site;  the  center  and  a  proposed  defect,  the 
strained-bond  oxygen-related  hole  trap.  Based  on 
estimations  of  energies  of  reaction  and  of  activa¬ 
tion,  Edwards  predicted  that  the  Ey  center  was  an 
unlikely  candidate  for  the  H2  dissociation  site. 

It  is  interesting  that,  while  semiempirical  calcu¬ 
lations  led  to  conclusions  to  the  contrary,  there  is 
a  relatively  large  experimental  literature  indicating 
that  the  reaction 

O3  =  Si  •  -f  H2^03  =  Si-H  -h  H  (2) 

occurs  rapidly  at  room  temperature  [32-34].  This 
reaction  has  been  inferred  from  observations  at 
room  temperature  of  a  decrease  in  intensity  of  the 
E',^  ESR  signal  as  a  function  of  time  after  the  intro¬ 
duction  of  forming  gas.  Vikhrev  was  the  first  to 
report  such  an  observation  in  thermally  grown 
Si02  that  had  been  bombarded  with  boron  ions 
[32].  Li  et  al.  have  also  studied  thermal  oxides  and 
have  obtained  an  activation  energy  of  0.3  eV  [33]. 
Finally,  Conley  and  Lenahan  [34]  have  added  to 
the  literature  by  studying  the  same  reaction  in 
novel  oxides,  as  well  as  in  thermal  oxides.  They 
were  the  first  and  the  only  group  to  report  a  con¬ 
comitant  decrease  in  the  E^  intensity  and  increase 
in  the  intensity  of  the  74  Gauss  doublet,  which  has 
been  identified  as  an  Ey  center  with  one  of  the 
nearest-neighbor  oxygen  atoms  replaced  by  a  hy¬ 
drogen  atom. 

While  the  results  of  the  room-temperature  hy¬ 
drogen  annealing  experiments  suggest  that  the 
Ey  dissociates  hydrogen  molecules  readily,  they  are 
not  conclusive.  During  y-irradiation  experiments, 
several  groups  have  observed  a  simultaneous  in¬ 
crease  in  non-bridging  oxygen  (NBO)  centers  and 
Ey  centers  [35,36].  They  have  speculated  that  this 
observation  arises  from  homolytic  bond  scission, 

O3  =  Si— O” Si  =03  -l-  y  ^  O3  =Si  '  ■  O— Si  =03. 

(3) 

This  model  raises  the  possibility  that  hydrogen 
molecules  could  dissociate  on  the  NBO  to  form  an 
OH  group.  The  remaining  neutral  hydrogen  could 
then  passivate  the  dangling  orbital  on  the  silicon 


atom.  The  plausibility  of  this  suggestion  combined 
with  the  previous  semiempirical  results,  made  obvi¬ 
ous  the  need  for  further  theoretical  study. 

3.  Calculations 

To  model  Eq.  (2),  we  calculated  the  energy  of 
reaction  and  the  energy  of  activation  using  two 
methods:  the  semiclassical  approximation  in  which 
these  energies  are  identified  with  the  extrema  on  an 
adiabatic  potential  surface  (I),  and  a  model  wherein 
a  series  of  adiabatic  potential  surfaces  were  incorpo¬ 
rated  into  a  Shroedinger  equation  for  nuclear 
motion  (II).  In  both  (I)  and  (II)  we  used  Gaussian  92 
[37],  an  ab  initio  molecular  orbital  package  to 
calculate  total  energies  and  to  locate  equilibrium 
geometries  under  a  variety  of  constraints.  We  ap¬ 
plied  this  package  to  two  clusters  shown  in  Fig.  5. 
The  small  cluster  was  used  to  explore  the  effects  of 
basis  size  and  of  the  inclusion  of  electron  correla¬ 
tion  effects,  and  to  consider  several  different  reac¬ 
tion  paths.  The  large  cluster  was  a  more  realistic 
model  of  the  E'  center  as  the  positions  of  the  neigh¬ 
boring  atoms  are  appropriate  to  a-quartz.  We 
should  point  out  that  Gaussian  92  has  features  for 
finding  the  correct  transition  state,  and  hence  the 
correct  activation  energy,  within  the  semiclassical 
approximation,  assuming  we  know  the  conforma¬ 
tions  of  the  products  and  reactants  in  Eq.  (2).  How¬ 
ever,  in  our  case  both  of  these  are  asymptotic  con¬ 
formations;  they  correspond  to  either  the  H2  mol¬ 
ecule  or  the  H  atom  being  far  from  the  reaction  site. 
This  attribute  renders  the  transition  state  software 
unusable.  The  calculations  for  methods  (I)  and  (II) 
will  be  discussed  in  turn. 

3.1.  Semiclassical  estimation  of  reaction  and 
activation  energies  (/) 

The  details  of  these  calculations  are  given  else¬ 
where  [24].  We  chose  as  the  reaction  coordinate 
the  distance  between  the  center  of  mass  of  the 
H2  molecule  and  the  equilibrium  position  of  the 
Si~H  bond  (Si-H^'^).  This  is  shown  in  Fig.  6.  At 
each  value  of  we  allow  the  H-H  bond  length 
to  relax.  As  the  molecule  approaches,  we  find  that 
the  H~H  stretching  mode  softens  until  there  is  no 


A.H.  Edwards  j  Journal  of  Non-Crystalline  Solids  187  (1995)  232-243 


239 


Fig.  5.  Clusters  used  for  this  study,  (a)  Small  cluster  used  for  basis  set  and  correlation  studies,  and  for  the  model  calculations  for 
quantum  mechanical  motion  of  H2.  (b)  Cluster  used  to  represent  the  E\  center  in  ot-quartz.  The  latter  cluster  is  only  used  for 
semiclassical  calculations. 


Fig.  6.  Schematic  representation  of  reaction  coordinate  for  clus¬ 
ter  shown  in  Fig.  1(a).  is  the  reaction  coordinate. 

longer  a  local  minimum  corresponding  to  the  H-H 
bond.  We  define  the  activation  energy  as  the  differ¬ 
ence  in  total  energy  between  =  9  A  ( ^  the  same 
as  00)  and  the  smallest  value  of  Rem  for  which  there 
is  an  attractive  interaction  between  the  two  hydro¬ 
gen  atoms  that  comprise  the  hydrogen  molecule. 


The  energy  of  reaction  is  defined  according  to  Eq. 
(2)  with  either  the  center  of  mass  of  the  H2  molecu¬ 
le,  or  the  H  atom  9  A  away  from  As  re¬ 

ported  in  Ref.  [24],  we  found  that  the  3-21G*  basis 
was  adequate,  and  that  inclusion  of  perturbative 
configuration  interaction  was  unnecessary  to  ob¬ 
tain  the  correct  qualitative  picture.  Using  the  unre¬ 
stricted  Hartree-Fock  approximation  and  the 
3-2 IG*  basis,  we  estimate  that  the  activation  en¬ 
ergy  is  0.58  eV,  and  that  the  reaction  energy  is 
-  0.42  eV.  Introduction  of  a  very  large  basis  set, 
and  inclusion  of  second-order  perturbative  Cl 
changes  the  activation  energy  to  0.7  eV  and  the 
reaction  energy  to  0.004  eV.  While  these  results 
differ  quantitatively,  the  qualitative  interpretation 
is  identical;  the  reaction  reduces  to  a  catastrophic 
H2  mode-softening.  Furthermore,  the  activation 
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energy  for  all  calculation  is  at  least  twice  as  large  as 
the  experimental  value. 

Because  of  the  level  of  computational  effort  re¬ 
quired  in  the  large  cluster  calculations,  we  re¬ 
stricted  ourselves  to  the  semiclassical  calculation. 
The  method  of  calculation  was  identical  to  that 
used  for  the  smaller  cluster  except  that  0  was  al¬ 
lowed  to  vary  along  the  reaction  path.  The  result¬ 
ing  estimate  for  the  activation  energy  was  0.72  eV. 
As  discussed  elsewhere  [24],  the  difference  between 
the  small  and  large  cluster  result  probably  reflects 
the  finite  size  of  the  oxygen  vacancy.  We  note, 
however,  that  the  mechanism  for  dissociation  is  the 
same  for  the  larger  cluster  and  the  distance  at  which 
the  H2  dissociates  is  very  close  to  that  predicted  by 
the  small  cluster.  Because  of  this  qualitative  and,  in 
large  measure,  quantitative  agreement  between  cal¬ 
culations  performed  on  large  and  small  clusters,  we 
believe  the  results  discussed  in  the  next  section 
would  apply  directly  to  the  large  cluster  calcu¬ 
lation. 


3.2.  Quantum  mechanical  treatment  of  the 
H2  motion  (//) 

To  appreciate  the  possible  importance  of  quan¬ 
tum  mechanical  effects,  it  is  instructive  to  plot  the 
adiabatic  potential  for  dissociation  at  several 
points  along  the  adiabatic  reaction  path,  i.e.,  for 
several  values  of  We  show  three  of  these  in 
Fig.  7.  The  potential  is  drawn  as  a  function  of  the 
relative  motion  of  the  two  hydrogen  atoms.  We  see 
that  this  is  a  double  well  system;  one  corresponding 
to  an  H-H  bond  and  the  other  corresponding 
to  an  Si-H  bond.  As  the  center  of  mass  of  the 
H2  molecule  moves  closer  to  the  silicon  atom, 
the  H2  well  becomes  ever  more  shallow  until 
it  vanishes.  The  point  at  which  it  vanishes  corres¬ 
ponds  to  the  transition  state  (and  activation 
energy)  calculated  in  Section  3.1.  However,  we 
can  look  at  the  problem  differently  if  we  ask  the 
following  question:  what  is  the  activation  energy 
for  H2  dissociation  if  is  fixed?  In  the 


Fig.  7.  Three  adiabatic  potentials  for  H2  dissociation.  has  the  same  meaning  as  in  Fig.  6. 
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adiabatic  approximation,  it  would  be  the  difference 
between  points  A  and  B  in  Fig.  7.  An  entirely  differ¬ 
ent  picture  emerges  if  we  actually  solve  the 
Schroedinger’s  equation  using  as  the  spatial 
coordinate  and  fi  =  mu/2  for  the  reduced  mass.  To 
solve  the  one-dimensional  Schroedinger  equation 
we  used  finite  element  analysis.  We  used  linear 
shape  functions  on  a  grid  of  160  elements  of  equal 
length.  We  did  not  obtain  values  for  the  potential  at 
each  point  using  Gaussian  92.  Rather  we  obtained 
'^20-30  points  and  used  a  cubic  spline  interpola¬ 
tion  to  obtain  values  at  the  rest  of  the  mesh  points. 
In  Fig.  8  we  show  the  results  of  this  analysis  for  the 
three  potentials  shown  in  Fig.  7.  The  energy  level 
for  each  of  the  displayed  states  is  the  zero  of  wave 
function  amplitude.  To  interpret  these  results  we 
make  the  following  assumptions:  (1)  the  system 
starts  in  the  H2  well  (the  minimum  on  the  left  in 
Figs.  7  and  8),  (2)  to  make  a  transition  to  the  Si-H 
well  there  must  be  either  significant  differential 
overlap  between  two  states  associated  primarily 
with  each  well,  or  a  state  with  significant  amplitude 
in  each  well,  and  (3)  the  activation  energy  is  just  the 
difference  in  the  eigenvalues  for  the  two  states.  In 
our  picture,  the  hydrogen  molecule  approaches  the 
dangling  silicon  orbital  slowly  compared  to  the 
vibrational  motion,  so  that  it  senses  the  entire  po¬ 
tential  surface.  The  states  shown  in  Fig.  8  are,  then, 
slowly  varying  functions  of  time.  To  make 
a  transition  between  two  of  these  states  there  must 
be  an  operator  that  connects  them,  i.e.,  a  perturba¬ 
tion  absent  in  our  nuclear  Hamiltonian.  Any  vibra¬ 
tion  of  the  network,  of  the  silicon  atom,  for  in¬ 
stance,  could  admix  the  states. 

With  this  model  in  hand,  we  consider  the  results 
in  Fig.  8.  When  =  2.0  A  (Fig.  8(a)),  the 
adiabatic  approximation  holds  reasonably  well. 
The  first  state  with  appreciable  amplitude  in  both 
wells  is  within  0.1  eV  of  the  semiclassical  barrier, 
while  the  ground  state  of  the  H-H  well  is  -^0.35  eV 
above  the  semiclassical  minimum.  While  the  quan¬ 
tum  mechanical  prediction  of  Fa  is  0.4  eV  below 
the  adiabatic  estimate,  the  relative  error  is  small 
because  the  barrier  is  so  large.  When  Rem  =  1-25  A, 
we  see  that  quantum  effects  are  substantial; 
Fa  (adiabatic)  =  1.2  eV,  while  Fa  (q.m) 
=  0.63  eV.  This  dramatic  reduction  arises  from 
a  reduction  in  the  height  and  width  of  the  barrier 


Fig.  8.  Wave  functions  displayed  at  their  respective  energy 
levels  for  the  three  potential  functions  shown  in  Fig.  7. 
(a)  =  2.0  A.  (b)  =  1.25  A.  (c)  =  1.00  A.  The  differ¬ 

ence  between  GS*  and  the  ground  vibronic  state  for  R^m  =  9.0  A 
is  our  estimate  of  the  activation  energy. 
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between  the  two  wells.  Note  that  this  is  approxi¬ 
mately  the  same  activation  energy  as  was  predicted 
as  given  in  Section  2,  while  the  physics  is  remark¬ 
ably  different.  However,  the  most  dramatic  quan¬ 
tum  effects  are  seen  at  =  1.0  A  (Fig.  8(c)).  Note 
that  there  is  no  ground  state  wave  function  localiz¬ 
ed  in  the  H-H  well.  Because  the  zero  point  energy  is 
so  large,  the  wave  function  tunnels  readily  through 
the  barrier  between  the  two  wells.  Thus,  at  this 
value  of  we  would  say  that  the  hydrogen 
molecule  would  dissociate  spontaneously.  The  ac¬ 
tivation  energy,  then,  is  not  the  excitation  energy 
between  two  quantum  states  of  one  of  the  double 
well  systems.  Rather,  we  estimate  an  upper  bound 
as  the  difference  in  total  energy  between  the  state 
marked  GS*  in  Fig.  8(c)  and  the  ground  state  of  the 
H-H  well  at  Rem  ^  9.0  A.  We  obtain  Ej^^0A6  eV. 

4.  Discussion 

This  simple  extension  to  the  adiabatic  theory  of 
activation  energies  has  yielded  what  appears  to  be 
fresh  insight  into  the  physics  of  H2  dissociation  at 
silicon  dangling  orbitals.  We  should  note,  however, 
that  the  importance  of  quantum  mechanical  effects 
in  H2  dissociation  has  been  recognized  for  a  very 
long  time.  Several  groups  have  studied  H2  dissocia¬ 
tion  on  metal  surfaces  by  solving  the  time-depen¬ 
dent  Schroedinger  equation  [38-40].  It  is  clear 
from  these  studies  that  the  most  obvious  short¬ 
coming  of  our  present  calculation  is  the  absence  of 
time  dependence.  We  are  unable  to  estimate  tunnel¬ 
ing  or  dissociation  rates  using  the  present  theory. 
We  note  that  in  the  case  of  a  symmetric  double  well 
system,  one  can  obtain  a  tunneling  frequency  from 
the  energy  difference  between  ground  state  (even,  or 
bonding  state)  and  the  first  excited  (odd  or  anti¬ 
bonding  state).  Appropriate  sums  of  these  states 
lead  to  wave  functions  localized  in  each  of  the  wells. 
Thus  in  the  time-dependent  picture,  the  system  will 
oscillate  between  the  two  wells  at  the  frequency 
CO  =  AE^-Jh.  However,  in  our  case  there  are  two 
complicating  factors.  First,  the  wells  are  not  sym¬ 
metric.  Sussmann  showed  that  even  a  small  asym¬ 
metry  leads  to  almost  complete  localization  in  one 
well  [41]  so  that  if  we  prepare  the  system  in  one 
well,  it  will  stay  there.  The  second  complication  is 


that  in  our  case  the  tunneling  event  involves  vibra- 
tionally  excited  states.  Without  knowledge  of  the 
admixture  coefficients  of  the  states  of  the  isolated 
wells,  we  have  no  chance  of  developing  a  simple 
time-dependent  picture.  Thus  the  results  presented 
here  must  be  considered  somewhat  preliminary.  We 
have  not  attempted  to  estimate  a  tunneling  rate,  and 
we  have  not  explored  even  the  two-dimensional  po¬ 
tential  surface  (in  R^^,  and  ^h-h)  completely.  How¬ 
ever,  we  believe  these  one-dimensional  results  ex¬ 
hibit  the  essential  physics.  The  cost  in  total  energy  to 
reduce  R^^  to  1.0  A,  and,  thus,  to  alter  the  potential 
surface  so  that  the  lowest  state  in  the  H2  well  has 
large  amplitude  in  both  wells  is  very  small -much 
smaller  than  the  energy  required  to  surmount  the 
adiabatic  barrier.  It  is  clear  from  this  study  that  the 
zero-point  energy  of  the  H2  molecule  has  the  largest 
effect  on  the  activation  energy.  This  is  due  in  part 
not  only  to  the  shape  of  the  H-H  well,  but  also  to 
That  is  to  say  that  while  the  curvature  of  the 
well  effects  the  positions  of  the  energy  levels,  is 
half  of  the  hydrogen  atom  mass,  thus  amplifying  the 
quantum  effects.  Recall  that  for  a  simple  harmonic 
oscillator,  the  energy  eigenvalue  is  proportional  to 
(/^eff)"^'^-  We  might  expect,  then,  that  D2  would 
dissociate  more  slowly  than  H2.  However,  our  cal¬ 
culations  indicate  that  the  changes  would  be  slight; 
at  Rsi-si  =  1.0  A,  the  wave  function  is  not  confined 
to  one  well  so  that  the  simple  harmonic  oscillator 
result  is  invalid.  Thus,  one  could  argue  that  H2  is  so 
reactive  in  Si02  because  it  is  so  light.  Its  small  mass 
causes  the  ground-state  energy  level  to  be  high 
enough  in  the  well  that  it  is  very  sensitive  to  barrier 
lowering.  This  observation  should  apply  not  only  to 
dissociation  at  E'  centers,  but  to  other  defects  as  well. 
We  would  expect,  for  instance,  that  hydrogen  would 
dissociate  at  NBO  centers  very  readily  through  the 
same  tunneling  process. 


5.  Conclusions 

In  this  paper  we  have  reviewed  some  of  the 
important  effects  in  the  MOS  system  that  rely  on 
the  presence  of  hydrogen.  We  have  seen  that  the 
mechanisms  that  lead  to  passivation  of  interface 
states  at  one  temperature  lead  to  depassivation  at 
different  temperatures.  We  have  also  presented  our 
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recent  results  on  dissociation  of  H2  molecules  at 
dangling  silicon  orbitals  in  a-Si02.  Through  simple 
model  calculations  we  have  demonstrated  that  in¬ 
clusion  of  quantum  effects  is  requisite  to  under¬ 
stand  this  reaction.  Our  simple  model  predicts  an 
activation  energy  of  0.16  eV.  This  is  well  below  the 
activation  energy  observed  by  Li  et  al.  Because  the 
activation  energy  for  diffusion  that  has  been  meas¬ 
ured  by  Shelby  is  roughly  0.38  eV  [42]  our  calcu¬ 
lation  supports  the  view,  originally  proposed  by 
Mrstik  [43]  that  the  H2  dissociation  reaction  is 
limited  by  diffusion.  Finally,  because  the  small  ac¬ 
tivation  energy  is  due  mostly  to  properties  of  the 
hydrogen  molecule,  we  would  expect  to  see  sim¬ 
ilarly  high  dissociation  probabilities  at  other  de¬ 
fects  in  the  MOS  system. 

The  author  acknowledges  gratefully  several  im¬ 
portant  conversations  with  Professor  W.B.  Fowler, 
Professor  A.M.  Stoneham,  and  Dr  D.  Babic.  Fund¬ 
ing  through  ONR  Grand  No.  N00014-92-J-2001  is 
gratefully  acknowledged.  Computation  were  made 
possible  by  a  generous  grant  of  computer  time  from 
the  North  Carolina  Supercomputing  Center. 

References 

[1]  P.  Balk,  Extended  Abs.,  Electronics  Div.;  Electrochem. 
Soc.  14  (1965)  237. 

[2]  D.J.  DiMaria  and  J.W.  Stasiak,  J.  Appl.  Phys.  65  (1989) 
2342. 

[3]  N.S.  Saks  and  R.W.  Rendell,  IEEE  Trans.  Nucl.  Sci.  NS-39 
(1992)  2220. 

[4]  R.E.  Stahlbush,  A.H.  Edwards,  D.L.  Griscom  and  B.J. 
Mrstik,  J.  Appl.  Phys.  73  (1993)  658. 

[5]  F.B.  McLean,  IEEE  Trans.  Nuc.  Sci.  NS-27  (1980)  1651. 

[6]  D.L.  Griscom,  D.B.  Brown  and  N.S.  Saks,  in:  The  Physics 
and  Chemistry  of  SiO^  and  the  Si-SiO^  Interface,  ed.  C.R. 
Helms  and  B.E.  Deal  (Plenum,  New  York,  1988)  p.  287. 

[7]  D.L,  Griscom,  J.  Electron.  Mater.  21  (1992)  763. 

[8]  P.S.  Winokur  and  H.E.  Boesch,  IEEE  Trans.  Nucl.  Sci. 
NS-27  (1980)  1647. 

[9]  S.  Hofstein,  IEEE  Trans,  Electron  Devices  ED-14  (1967) 
749;  S.I.  Raider  and  R.  Flitsch,  J.  Electrochem.  Soc.  118 
(1971)  1011. 

[10]  D.J.  DiMaria,  E.  Cartier  and  D.  Arnold,  J.  Appl.  Phys.  73 
(1993)  3367. 

[11]  B.E.  Deal,  E.L.  Mackenna  and  P.L.  Castro,  J.  Elec- 
trochem.  Soc.  116  (1969)  997. 

[12]  L.  Do  Thanh  and  P.  Balk,  J.  Electrochem.  Soc.  135  (1988) 
1797. 

[13]  E.H.  Poindexter,  E.R.  Ahlstrom  and  P.J.  Caplan,  in:  The 
Physics  of  SiO^  and  its  Interfaces,  ed.  S.T.  Pantelides 


(Pergamon,  New  York,  1978)  p.  227. 

[14]  K.L.  Brower,  Appl.  Phys.  Lett.  43  (1983)  1111. 

[15]  Recently  Stesmans  and  Stathis  have  studied  independently 
the  hyperfine  associated  with  the  center.  They  have 
found  that  the  defect  is  always  associated  with  one  oxygen 
atom.  Stesmans  has  found  that  there  are  two  other  oxygen 
atoms  interacting  less  strongly.  See  A.  Stesmans  and  K. 
Vanheusden,  Phys.  Rev.  B44  (1991)  11  353.  and  J.R. 
Stathis,  S.  Rigo  and  1.  Trimaille,  Mater.  Sci.  Forum.  83-87 
(1992)  1421. 

[16]  A.H.  Edwards,  Phys.  Rev.  B36  (1987)  9638. 

[17]  M.  Cook  and  C.T.  White,  Phys.  Rev.  Lett.  59  (1987)  1741. 

[18]  M.  Cook  and  C.T.  White,  Semiconductor  Sci.  Tech. 
4  (1990)  1012. 

[19]  K.L.  Brower,  Phys.  Rev.  B38  (1988)  9657. 

[20]  W.E.  Carlos,  Appl.  Phys.  Lett.  50  (1987)  1450. 

[21]  A.H.  Edwards,  Phys.  Rev.  B44  (1991)  1832. 

[22]  E.  Cartier,  J.H.  Stathis  and  D.A.  Buchanan,  Appl.  Phys. 
Lett.  63  (1993)  1510. 

[23]  J.H.  Stathis  and  E.  Cartier,  Phys.  Rev.  Lett.  72  (1994) 
2745. 

[24]  A.H.  Edwards,  J.A.  Pickard  and  R.E.  Stahlbush,  J.  Non- 
Cryst.  Solids  179  (1994)  148. 

[25]  N.S.  Saks,  R.B.  Klein  and  D.L.  Griscom,  IEEE  Trans. 
Nucl.  Sci.  35  (1988)  1234. 

[26]  K.L.  Brower,  P.M.  Lenahan  and  P.V.  Dressendorfer,  Appl. 
Phys.  Lett.  41  (1982)  251, 

[27]  N.S.  Saks  and  D.B.  Brown,  IEEE  Trans.  Nucl.  Sci.  NS-37 
(1990)  1. 

[28]  C.P.  Flynn  and  A.M.  Stoneham,  Phys.  Rev.  BIO  (1970)  3966. 

[29]  Y.  Kagan  and  M.I.  Klinger,  J.  Phys.  C7  (1974)  2791. 

[30]  R.E.  Stahlbush,  B.J.  Mrstik  and  R.K.  Lawrence,  IEEE 
Trans.  Nucl.  Sci.  NS-37  (1990)  1641. 

[31]  R.E.  Stahlbush,  R.K.  Lawrence  and  W.  Richards,  IEEE 
Trans.  Nucl.  Sci.  NS-36  (1989)  1998. 

[32]  B.I.  Vikhrev,  N.N.  Gerasimenko  and  G.P.  Lebedev,  Mik- 
roelektronika  6  (1977)  71. 

[33]  Z.  Li,  S.J.  Fonash,  E.H.  Poindexter,  M.  Harmatz,  F.  Rong 
and  W.R.  Buchwald,  J.  Non-Cryst.  Solids  126  (1990)  173. 

[34]  J.F.  Conley  and  P.M.  Lenahan,  Appl.  Phys.  Lett.  62  (1993) 
40. 

[35]  H.  Imai,  K.  Arai,  J.  Isoya,  H,  Hosono,  Y.  Abe  and  H. 
Imagawa,  Phys.  Rev.  B148  (1993)  3116. 

[36]  R.A.B.  Devine  and  J.  Arndt,  Phys.  Rev.  B39  (1989)  5132. 

[37]  A.M.J.  Frisch,  G.W.  Trucks,  M.  Head-Gordon,  P.M.W. 
Gill,  M.W.  Wong,  J.B.  Foresman,  B.G.  Johnson,  H.B. 
Schlegel,  M.A.  Robb,  E.S.  Replogle,  R.  Gomperts,  J.L. 
Andres,  K.  Raghavachari,  J.S.  Binkley,  C.  Gonzalez,  R.L. 
Martin,  D.J.  Fox,  D.J.  Defrees,  J.  Baker,  J.J.P.  Stewart  and 
J.A.  Pople,  Gaussian  92  (Gaussian,  Pittsburgh,  PA,  1992) 

[38]  D.  Halstead  and  S.  Holloway,  J.  Chem.  Phys.  93  (1990) 
2859. 

[39]  B.  Jackson  and  H.  Metiu,  J.  Chem.  Phys.  86  (1987)  1026. 

[40]  C.  Engdahl  and  U.  Nielsen,  J.  Chem.  Phys.  98  (1993)  4223. 

[41]  J.A.  Sussmann,  Phys.  Kondens.  Mater.  2  (1964)  146. 

[42]  J.E.  Shelby,  J.  Appl.  Phys.  48  (1977)  3387. 

[43]  B.J.  Mrstik,  J.  Electron.  Mater.  20  (1991)  627. 


ELSEVIER  Journal  of  Non-Crystalline  Solids  187  (1995)  244-247 


IGURNA L or 

HYSTALIMU 


Atomic  hydrogen-induced  degradation  of  thin  Si02  gate  oxides 

E.  Cartier*,  D.A.  Buchanan,  J.H.  Stathis,  DJ.  DiMaria 

IBM  Research  Division.  Thomas  J.  Watson  Research  Center,  Yorktown  Heights,  NY  10598,  USA 


Abstract 

The  generation  of  interface  states  at  the  Si/Si02-interface  caused  by  atomic  hydrogen,  from  a  remote  hydrogen 
plasma  has  been  studied.  It  is  found  that  produces  large  numbers  of  interface-states,  irrespective  of  the  oxide  thickness 
and  the  substrate  orientation.  The  interface-state  density  is  found  to  increase  linearly  with  the  H^-dose  over  a  wide  range. 
The  rate  at  which  the  interface-states  are  created  appears  to  be  thermally  activated  with  an  activation  energy  of 
~  200  meV.  The  rate  increases  with  decreasing  oxide  thickness,  indicating  that  the  generation  may  be  limited  in  part  by 
the  diffusion  to  the  interface.  The  Si  (1  1  1)  interface  is  found  to  degrade  faster  than  the  Si  (1  00)  interface. 


1.  Introduction 

The  interfacial  properties  of  electronic  devices 
are  typically  optimized  by  annealing  in  forming  gas 
(nitrogen/hydrogen  mixture)  above  400°C.  This 
procedure  leads  to  the  passivation  of  process-in¬ 
duced,  electrically  active  defects  at  the  Si/Si02  in¬ 
terface  by  hydrogen.  Ironically,  the  hydrogen  in¬ 
corporated  during  this  optimization  process  (and 
during  device  fabrication)  seems  to  be  partially 
responsible  for  the  degradation  of  such  optimized 
devices  during  their  subsequent  operation:  hydro- 
genic  species  are  known  to  be  released  by  hot- 
electrons,  and  it  has  been  shown  that  simulta¬ 
neously  with  its  release  a  rapid  degradation  of  the 
interface  does  occur  [1,2].  To  optimize  and  predict 
device  reliability,  it  is  therefore  crucial  to  under¬ 
stand  the  hydrogen  chemistry  at  device  operation 
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temperature  and  to  identify  the  chemical  reactions 
(involving  hydrogenic  species)  that  largely  reverse 
the  improvement  gained  in  hydrogen  anneals  at 
higher  temperatures. 

To  highlight  the  connection  of  the  remote  hydro¬ 
gen  plasma  experiments  reported  in  this  paper  with 
the  degradation  of  electronic  devices,  let  us  con¬ 
sider  the  high-held  degradation  of  a  metal-oxide- 
semiconductor  (MOS)  capacitor  during  homogene¬ 
ous  electron  injection  by  Fowler-Nordheim  (FN) 
tunnelling  under  positive  gate  bias.  Naively,  one 
might  expect  that  hot-electron  induced  damage 
would  be  restricted  exclusively  to  the  oxide/metal 
(poIy-Si)  interface  because  the  electron  distribution 
is  only  gradually  heated  by  the  oxide  held  after 
tunnelling  through  the  substrate/Si02  interfacial 
region  [3].  This  is  not  the  case.  Considerable  degra¬ 
dation  is  also  observed  near  the  Si  substrate  even 
though  hot  electrons  are  completely  absent  at  this 
interface  [4-7].  Many  researchers  have  proposed 
that  this  damage  may  be  caused  by  released  hydro¬ 
genic  species  which  subsequently  diffuse  from  the 
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gate  to  the  substrate  to  produce  interface  states  by 
reacting  chemically  with  certain  precursor  sites. 
Such  precursor  sites  can  be  defects  previously  pas¬ 
sivated  in  forming  gas  anneals. 

Extending  hydrogen  plasma  studies  by 
DoThanh  and  Balk  [8],  we  have  demonstrated  that 
neutral,  atomic  hydrogen,  H®,  is  a  prime  candidate 
for  the  hydrogenic  species  causing  interface  degra¬ 
dation  after  hot-electron  induced  release  at  room 
temperature  [9].  Using  electron  spin  resonance 
[9,10],  we  also  succeeded  to  identify  the  P^H-de- 
fect,  which  is  the  hydrogen-passivated  silicon 
dangling  bond  or  Pb-defect,  as  one  specific  precur¬ 
sor  site  with  which  does  react  at  room  temper¬ 
ature  to  produce  an  interface-state  via  the  reaction, 

PbH+H^-^Pb  +  H^.  (1) 

We  also  showed  that  this  PbH-precursor  ac¬ 
counts  for  only  a  small  fraction  of  the  total  number 
of  precursor  sites  that  are  transformed  into  inter- 
face-states  by  from  a  remote  plasma.  The  micro¬ 
scopic  structure  of  the  majority  of  precursor  sites 
thus  remains  to  be  identified. 

To  further  study  the  consequences  of  hydrogen 
release  by  hot  electrons  at  device  operation  temper¬ 
atures,  we  systematically  measured  the  interface- 
state  generation  caused  by  from  a  remote 
plasma  source.  Since  from  the  remote  plasma 
penetrates  into  and  diffuses  through  the  oxide  be¬ 
fore  it  causes  damage  in  the  interfacial  region,  these 
experiments  provide  a  test  for  part  of  the  previously 
described  degradation  concept  and  the  damage 
caused  by  can  be  isolated  from  other  degrada¬ 
tion  mechanisms  also  occurring  under  high-held 
stress  [11]. 


2.  Experimental  procedure 

To  obtain  uniform  exposures,  gate-free  samples 
were  subjected  to  in  a  specially  designed  remote 
plasma  system  that  prevents  all  effects  due  to  ener¬ 
getic  particles  and  UV  radiation  [12].  (We  were 
unable  to  detect  any  changes  in  the  interface  prop¬ 
erties  of  large  area  MOS  capacitors  even  after 
heavy  exposures.  The  diffusion  of  through  poly- 
Si  (Al)  gates  and  its  lateral  in-diffusion  along  the 
gate  oxide  is  strongly  suppressed.  We  can  prove 


that  this  happens  because  is  rapidly  scavenged 
at  the  device  perimeter.  The  damaged  area  remains 
too  small  to  be  detected  in  large  area  structures.) 
The  H^-concentration  in  the  remote  plasma  was 
monitored  at  the  sample  position  via  a  silver- 
coated  thermocouple.  The  temperature  increase 
due  to  the  surface-recombination  on  silver 
yields  a  quantitative  measure  for  the  H°-concentra- 
tion  and  provides  accurate  control  over  the  H°- 
dose. 

Exposed,  gate-free  samples  were  electrically 
characterized  by  the  high/low  frequency  capa¬ 
citance-voltage  method  using  a  mercury  probe,  or 
by  depositing  thin  aluminum  gates  after  exposure 
[12].  The  increase  of  the  interface-state  density  at 
mid-gap,  AD^  =  —  Djj,  was  used  as  a  quantitat¬ 

ive  measure  for  the  interface  degradation.  D®  is  the 
value  measured  prior  to  exposure. 


3.  Experimental  results  and  discussion 

Typical  experimental  results  of  the  interface-state 
buildup  during  remote  exposure  at  23°C  are 
shown  in  Fig.  1.  As  can  be  seen,  increases  lin¬ 
early  with  the  H^-dose  and  there  is  no  indication 
that  Dit  saturates  at  values  below  10^^  eV~^  cm”^. 
Therefore,  the  interface-state  generation  rate,  as 
defined  in  Fig.  1,  can  be  used  to  fully  characterize 
the  interface  degradation.  (At  temperatures  above 
60°C  we  observe  that  does  saturate  at  values 
below  10^^  eV“^  cm"^.  In  these  cases,  the  genera¬ 
tion  rate  was  extracted  from  Dj^-values  well  below 
saturation.)  As  can  be  seen  from  Fig.  1,  the  (1  1  1)- 
interface  degrades  roughly  2.5  times  faster  than  the 
(1  00)-interface.  This  difference  appears  to  be  the 
same  over  the  whole  oxide  thickness  range  studied 
here  (see  Fig.  2).  It  might  therefore  reflect  an  intrin¬ 
sic’  interface  property,  possibly  a  higher  precursor 
site  density  at  the  (111)  interfaces. 

In  Fig.  2,  the  interface-state  generation  rate  is 
shown  as  a  function  of  oxide  thickness,  for  Si 
(111)  and  Si  (100)  substrates.  In  addition  to  the 
dependence  of  on  the  substrate  orientation, 
a  rather  weak  U^-dependence  is  also  observed. 
Rii  decreases  as  Qualitatively,  such  a  decrease 
can  be  explained  by  diffusion-reaction  models  sim¬ 
ilar  to  those  used  to  quantify  oxide  growth.  For 
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Fig.  1.  Interface-state  buildup  at  mid-gap  as  a  function  of 
atomic  hydrogen,  dose  measured  in  a  remote  hydrogen 
plasma  at  room  temperature.  Samples  with  65  nm  thick  oxides 
grown  on  Si  (1  1  1)  and  Si  (10  0)  substrates  are  compared.  The 
interface-state  density  increases  linearly  with  the  hydrogen  dose 
such  that  the  degradation  can  be  quantified  by  an  interface  state 
generation  rate,  as  defined  in  the  figure. 


Oxide  Thickness,  tgx  (nm) 

Fig.  2.  Thickness  dependence  of  the  interface-state  generation 
rate  in  a  remote  hydrogen  plasma  as  a  function  of  oxide  thick¬ 
ness,  measured  at  room  temperature.  Data  for  Si  (111)  and 
Si  (100)  substrate  are  compared.  The  rates  were  obtained 
from  dose  dependent  measurements  as  illustrated  in  Fig.  1.  The 
lines  represent  dependence. 


diffusion-limited  interface-state  generation,  one 
would  expect  a  -dependence,  while  reaction-lim¬ 
ited  generation  should  be  independent  of  At¬ 
tempts  have  been  made  to  use  reaction/diffusion 
models  to  explain  the  interface  degradation  under 
high-field  stress  [13].  A  detailed  interpretation  of 
the  data  in  Fig.  2  is  difficult  at  present.  As  men¬ 
tioned  above,  many  different  chemical  reactions 
-  some  of  them  still  unknown  -  contribute  to  the 
interface-state  generation  and  a  model  based  on 
one  single  interface  reaction  is  not  expected  to 
apply.  In  fact,  we  know  that  electrically  active  sites 
produced  by  can  also  be  removed  by  it.  For 
example,  a  silicon  dangling  bond  produced  via  re¬ 
action  (1)  at  23^'C  can  also  be  repassivated  by  at 

the  same  temperature  by  the  reaction 

+  (2) 

as  recently  demonstrated  by  electron  spin  reson¬ 

ance  [14]. 

By  varying  the  H^-partial  pressure  in  the  plasma, 
we  found  that  molecular  recombination  via 

+  (3) 

is  probably  not  the  main  cause  for  the  decrease  of 
the  generation  rate  with  increasing  oxide  thickness. 
Only  for  H°-partial  pressures  much  higher  than 
those  used  in  this  study,  we  were  able  to  observe 
a  clear  dependence  of  on  this  pressure. 

Finally,  the  measured  temperature  dependence 
of  Rn  is  shown  in  Fig.  3.  As  can  be  seen,  interface- 
state  generation  appears  to  be  thermally  activated 
with  an  apparent  activation  energy  of  approxim¬ 
ately  200  meV.  This  number  is  comparable  to  the 
activation  energy  for  Fl^-diffusion  at  low  temper¬ 
atures,  suggesting  that  a  phenomenological  diffu¬ 
sion/reaction  scheme  as  outlined  above  might  be 
useful  to  parameterize  interface-state  generation  by 
H". 


4.  Conclusions 

All  these  results  prove  that  the  release  of  atomic 
by  hot-electrons  during  device  operation  would 
inevitably  lead  to  severe  interface  degradation  at 
typical  device  operation  temperatures,  irrespective 
of  the  gate  oxide  thickness  and  substrate  orientation. 
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Temperature  (°C) 


1Ar  (K-^) 


Fig.  3.  Temperature  dependence  of  the  interface-state  genera¬ 
tion  rate  measured  in  a  remote  hydrogen  plasma.  The  genera¬ 
tion  appears  to  be  thermally  activated  with  an  activation  energy, 
£a,  of  about  200  meV.  ' 

Since  hydrogen-release  is  known  to  be  caused  by 
hot  electrons  with  energies  as  low  as  2  eV,  one  may 
speculate  that  hydrogen-release/-diffusion/-chem- 
istry  is  the  dominant  degradation  mechanism  in 
very  thin  oxides  where  electrons  are  not  heated  to 
energies  large  enough  to  produce  holes  in  the  oxide. 
[11,15]. 

If  all  this  correct,  it  can  be  expected  that  the 
reliability  of  electronic  devices  -  at  least  for  the 
stress  condition  discussed  in  the  introduction  -  can 
be  enhanced  simply  by  preventing  the  diffusion  of 
atomic  hydrogen  to  the  Si/Si02-interface.  In  a  re¬ 
cent  study,  we  were  able  to  prove  that  reoxidized- 
nitrided  oxides  -  which  are  known  to  reduce  the 


interface  state  generation  -  have  exactly  this  prop¬ 
erty:  The  nitrogen  incorporated  in  these  films  dras¬ 
tically  suppresses  the  flux  of  atomic  hydrogen  to 
the  underlying  interface,  explaining  its  superiority 
as  compared  to  thermal  oxide  [7,16]. 
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Abstract 

The  efifect  of  hydrogen  exposure  and  subsequent  annealing  of  F-implanted  oxides  on  the  generation  of  donor- 
type  Si/Si02  interface  states  was  studied.  F  appears  to  reduce  the  amount  of  H  in  the  oxide,  which  otherwise  is 
instrumental  in  producing  these  hydrogen-related  states.  This  elimination  of  hydrogen  is  of  catalytic  nature;  formation  of 
the  mobile  species  FIF  is  suggested.  Confinement  of  these  F'  species  by  the  gate  is  essential  to  prevent  their  escape  from  the 
oxide. 


1.  Introduction 

Incorporation  of  F  in  Si/SiO?  structures  has 
been  shown  to  improve  substantially  their  MOS 
properties  [1].  Particularly,  the  generation  of  the 
Si/Si02  interface  states  during  electrical  stress  or 
irradiation  was  found  to  be  strongly  reduced  [1-4]. 
We  have  previously  demonstrated  that  the  benefi¬ 
cial  effect  of  fluorination  requires  activation  by 
hydrogen  [5].  Here  we  will  show  that  fluorination 
specially  affects  the  generation  of  fast  donor  states 
related  to  the  presence  of  atomic  H  at  the  Si/Si02 
interface  [6],  suggesting  a  removal  of  hydrogen  by 
the  fluorine  dopant.  The  results  indi¬ 
cate  that  mobile  F  species  are  formed  that  eli¬ 
minate  H  in  a  catalytic  manner. 


*  Corresponding  author.  Tel;  +31-15  787  200.  Telefax:  +31- 
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2.  Experimental 

In  the  present  study  we  have  used  F-implanted 
(£  =  15  keV,  D  =  1  X  10^-2  x  10^'^  cm“’)  dry  oxides 
(66  nm)  grown  at  lOOO'C  on  p-Si(lOO)  subst¬ 
rates.  Samples  implanted  with  noble  gas  (Ar,  E  = 
30  keV,  D  =  Z)p/2)  ions  were  also  studied  for  compa¬ 
rison.  To  remove  the  implantation  damage  the 
samples  were  annealed  in  N2  at  lOOO'C.  Metal- 
oxide-semiconductor  (MOS)  capacitors  were  com¬ 
pleted  by  evaporating  semitransparent  (18  nm)  A1 
electrodes  through  a  shadow  mask.  Finally,  the 
structures  received  a  standard  30  min  post¬ 
metallization  forming  gas  anneal  (FGA;  FG:  N2  + 
\OV0H2)  at  400  C. 

Interface  states  were  produced  by  irradiation  of 
MOS  structures  by  vacuum-ultraviolet  (VUV) 
photons  (hv  ^  10  eV)  at  incident  flux  of  10^'^  cm““ 
s“  ^  with  the  metal  biased  positively  (  +  7  V).  The 
injection  was  periodically  interrupted  and  the  shift 
of  the  high-frequency  (HF)  C-V  curve  measured. 
After  the  VUV  injection,  10^“^  electrons  cm~^  were 
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photoinjected  from  the  Si  substrate  using  ultra¬ 
violet  (UV)  light,  thus  neutralizing  the  holes  trap¬ 
ped  in  the  oxide  layer.  Next,  the  generated  interface 
states  were  studied  by  the  HF-quasi- 
static  (QS)  C-V  technique.  Additionally,  the 
active  boron  concentration  in  the  Si  substrate  was 
determined  from  the  inversion  part  of  the  HF  C-V 
curve  in  order  to  monitor  the  hydrogen  release 
during  VUV  irradiation.  The  hydrogen  liberated 
in  the  MOS  system  has  been  shown  to  deactivate 
the  boron  dopant  [7],  which  phenomenon  was 
used  in  our  study. 


3.  Results 

In  Fig.  1  the  changes  of  midgap  voltage  during 
the  hole-electron  injection  cycle  are  shown  for  F- 
free  and  F-implanted  samples.  The  fluorine  im¬ 
planted  specimen  (F  -h  Al  +  FGA)  exhibits  a 
much  smaller  density  of  positive  charge  after  hole 
injection  than  the  control  sample.  The  neu¬ 
tralization  of  trapped  holes  by  electron  inj¬ 
ection  removes  only  part  of  positive  charge;  the  re¬ 
maining  part  cannot  be  neutralized.  This  latter 
fraction  is  related  to  donor  interface  states 
generated  by  hydrogen  at  the  Si/Si02  interface 
[8-10]. 

The  energy  distributions  of  the  generated  inter¬ 
face  states  are  presented  in  Fig.  2(a).  These  data 


injected  carriers  (10^®  cm'^) 

Fig.  1.  Changes  of  mid-gap  voltage  during  successive  illumina¬ 
tion  of  positively  biased  MOS  capacitors  with  VUV  and  UV 
photons.  Implantation  of  F(10^'^cm“^)  and  subsequent  anneal 
and  metallization  sequence  are  indicated  for  each  curve. 


indicate  a  considerable  suppression  of  the  genera¬ 
tion  process  in  the  fluorinated  sample.  As  shown, 
a  subsequent  5  min  anneal  at  150°C  removes  a  sub¬ 
stantial  fraction  of  the  interface  states  [6].  This 
effect  is  particularly  large  in  the  case  of  the  control 
sample,  where  the  fraction  of  annealed  defects 
amounts  to  over  10^^  cm“^.  The  HF  C-V  curves 
(Fig.  2(b))  exhibit  shifts  to  less  negative  voltages;  we 
conclude  that  exclusively  donor  interface  states  are 
removed.  Implantation  of  fluorine  preferentially  af¬ 
fects  generation  of  these  donor  states. 

The  efficiency  of  defect  generation,  given  by  the 
density  of  the  generated  interface  states  normalized 
with  respect  to  that  in  a  non-implanted  sample,  is 


Energy  (eV) 


Bias  Voltage  (V) 

Fig.  2.  Energy  distributions  of  generated  Si/Si02  interface 
states  (a)  and  corresponding  changes  of  HF  C-V  curves  (b)  after 
successive  5  s  VUV  -I-  10  s  UV  irradiation  of  non-implanted 
and  F-implanted  (10^^  cm“^)  MOS  capacitors.  The  capacitors 
had  received  FGA  after  Al  evaporation.  Curves  after  5  min 
anneal  at  150°C  are  also  shown. 
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implantation  dose  (cm'^) 

Fig.  3.  Normalized  densities  of  VUV  generated  interface  states 
(circles)  and  deactivated  boron  in  Si  substrate  (squares)  in 
F-  (closed  symbols)  and  Ar-implanted  (open  symbols)  sample 
versus  implantation  dose.  Lines  represent  guide  for  the  eye. 

plotted  in  Fig.  3  against  implantation  dose.  A  negli¬ 
gible  effect  is  obtained  in  the  case  of  Ar  implanta¬ 
tion,  but  a  significant  reduction  is  observed  in  the 
F  case,  indicating  that  this  reduction  is  not  caused 
by  implantation  damage.  Thus,  F  appears  to  affect 
the  chemistry  of  the  process.  Moreover,  it  saturates 
when  as  few  as  10^°F  atoms  per  cm^  are  introduced 
into  the  oxide,  preventing  the  generation  of  1  to 
2  X  10^^  interface  states  per  cm^.  This  suggests  that 
the  F  action  has  a  catalytic  character. 

The  normalized  densities  of  B  acceptors  in  the  Si 
deactivated  during  VUV  exposure  are  also  plotted 
in  Fig.  3.  The  suppression  of  the  deactivation  pro¬ 
cess  over  a  wide  range  of  F  doses  is  evident;  it 
correlates  with  the  suppression  of  interface  states 
generation. 

So  far  we  presented  data  on  the  action  of  F  in 
samples  subjected  to  FGA  after  Al  evaporation. 
For  comparison  we  next  show  results  on  Si/Si02 
structures  exposed  to  hydrogen  before  Al  evapo¬ 
ration  using  isochronal  (30  min)  annealing  in  FG 
(FGA)  at  temperatures  from  200  to  400°C.  This  FGA 
was  done  both  for  samples  with  bare  oxide  and 
samples  protected  by  a  thin  (18  nm)  Al  blanket  layer. 
The  same  anneals  were  performed  in  pure  N2 
for  comparison.  After  the  annealing  the  blanket  Al 
was  etched  off  and  semitransparent  gates  were 
evaporated  through  a  mask,  followed  by  400°C 
post-metallization  FGA.  After  this  anneal  VUV 
and  UV  injection  took  place.  When  FGA  is  done 


anneal  temperature  (C) 


Fig.  4.  Shifts  of  the  midgap  voltage  after  injection  of 
10*^  holes  cm  “  (a)  and  neutralization  of  trapped  positive 
charge  by  electron  injection  (b)  in  F-imp!anted  (10^"^  cm”") 
MOS  capacitors.  Specimens  were  annealed  in  FG  (triangles)  or 
N2  (squares)  at  different  temperatures  with  (open  symbols)  or 
without  (closed  symbols)  Al  blanket.  After  the  anneal  the  Al 
blanket  was  removed  and  samples  were  metallized  again  fol¬ 
lowed  by  400"C  FGA.  Results  for  a  F-free  control  samples 
(anneal  of  bare  oxide,  circles)  are  also  shown.  Lines  represent 
guide  for  the  eye. 

without  metal  overlayer,  the  beneficial  effect  of  the 
F  disappears  despite  subsequent  metallization  and 
the  ‘activating’  final  FGA. 

The  midgap  voltage  shift  after  injection  of 
10^^  holes  cm  and  its  component  remaining  after 
neutralization  of  trapped  holes  (related  to  donor 
interface  states)  are  presented  in  Figs.  4(a)  and  (b), 
respectively,  for  the  specimens  annealed  at  different 
temperatures  before  Al  gate  evaporation  and  the 
final  FGA.  A  FGA  of  the  bare  oxide  leads  to 
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increased  suppression  of  the  beneficial  action  of 
F  for  increasing  annealing  temperatures;  after 
a  400°C  anneal  the  sample  behaves  similar  to  the 
non-implanted  one.  The  presence  of  the  Al  blanket 
layer  during  FGA  apparently  prevents  such  a  ‘re¬ 
covery’  suggesting  that  H  and  F  form  a  mobile 
species  and  that  the  removal  of  these  species  from 
the  oxide  is  prevented.  When  the  anneal  is  per¬ 
formed  in  pure  nitrogen,  the  loss  in  the  fluorination 
efficiency  appears  to  be  minimal. 


4.  Discussion 

Irradiation  produces  two  types  of  interface  traps: 
amphoteric  Si  dangling  bond  defects  (ESR-active 
Pb  centers)  and  hydrogen  related  donor  states 
(ESR-inactive)  [6].  In  the  samples  used  in  the  pres¬ 
ent  study  we  deal  mainly  with  donor  states,  as 
indicated  by  the  behaviour  of  the  samples  exposed 
to  VUV  for  10^  s;  the  interface  state  density  deter¬ 
mined  from  C-V  measurements  reaches  10^^  cm~^, 
but  no  significant  Pb  signal  was  detected  (detection 
limit  of  6  X  10^^  cm”^). 

Elsewhere  we  show  that  the  generation  of  the 
donor  states  appears  to  be  a  result  of  the  interac¬ 
tion  of  atomic  H,  liberated  during  charge  injection 
or  irradiation  (radiolytic  hydrogen),  with  the  Si02 
network  at  the  interface  [6].  Recent  experiments  on 
interface  state  generation  by  exposure  to  atomic 
H  [11]  support  this  model.  Consequently,  it  ap¬ 
pears  reasonable  to  explain  the  suppression  of  the 
generation  of  donor  states  in  fluorinated  samples 
from  a  reduced  availability  of  atomic  H  in  the  MOS 
system.  Indeed,  monitoring  of  the  amount  of  re¬ 
leased  H  from  B  deactivation  supports  this  idea 
and  presents  additional  evidence  for  the  involve¬ 
ment  of  H  in  the  production  of  these  interface  traps 
(note  the  correlation  in  Fig.  3).  Thus,  the  action  of 
F  includes  elimination  of  hydrogen  that  otherwise 
will  be  released  during  charge  injection. 

After  the  lOOO^'C  post-implantation  anneal  some 
F  remains  in  the  oxide.  This  is  possible  only  if  it  is 
firmly  bonded,  which  prevents  diffusion  out  of  the 
oxide.  Of  the  two  possible  configurations,  Si-F  and 
Si-O-F,  only  the  former  is  stable  at  1000°C,  which 
suggests  that  F  is  present  in  this  form.  When  H  is 
introduced  in  the  oxide  by  FGA,  fluorine  is  liber¬ 


ated  from  this  bonded  state.  We  propose  that  the 
mobile  species  HF  are  formed.  The  observed  reduc¬ 
tion  in  F-implanted  oxides  of  the  amount  of 
radiolytic  hydrogen,  produced  from  its  precursor  in 
the  network  by  irradiation,  apparently  takes  place 
by  the  interaction  of  this  precursor  with  HF  and 
produces  a  more  stable  form  of  hydrogen.  Because 
per  F  atom  a  large  number  of  radiolytic  hydrogen 
precursors  can  be  rendered  harmless,  it  is  likely  that 
HF  is  being  recycled  in  this  process.  At  the  present 
time  a  more  detailed  discussion  of  the  process  is 
superfluous,  because  neither  the  nature  of  the  pre¬ 
cursor  nor  that  of  the  final  hydrogen  species  is 
known. 

If  FGA  is  performed  on  bare  oxides,  the  mobile 
fluorine  species  will  escape  to  the  ambient  and  the 
beneficial  effect  is  lost.  Apparently,  a  diffusion  bar¬ 
rier  is  needed  to  confine  the  F  species  to  the  oxide 
during  the  anneal  in  a  H  containing  ambient.  Our 
results  suggest  that  even  a  thin  Al  blanket  suffices 
to  prevent  such  out-diffusion.  This  result  also  ex¬ 
plains  the  lack  of  improvement  of  the  electrical 
properties  of  poly-Si  gated  structures  when  F  is 
implanted  in  the  Si02  prior  to  poly-Si  deposition 
[12].  Apparently,  the  dopant  is  lost  at  the  initial 
stages  of  poly-Si  growth  when  the  oxide  is  exposed 
to  the  silane  containing  ambient  at  600°C.  The 
beneficial  action  is  observed  only  if  F  is  implanted 
into  the  poly-Si  layer  after  deposition.  During  the 
high-temperature  anneal  the  F  will  diffuse  into  the 
oxide  which  acts  as  a  sink. 


5.  Conclusions 

The  presented  results  suggest  a  double  role  of 
hydrogen  in  the  fluorine  effect.  H  appears  necessary 
to  initiate  the  action  of  F  by  liberating  it  from  the 
Si-F  bonded  configuration,  forming  a  mobile  spe¬ 
cies.  On  the  other  hand,  hydrogen  itself  is  instru¬ 
mental  in  the  generation  of  interfacial  donor  states 
upon  carrier  injection  or  irradiation.  To  obtain 
a  reduced  generation  of  the  interface  states  requires 
a  reduction  of  the  amount  of  radiolytic  hydrogen  in 
the  oxide.  This  apparently  is  realised  by  the  F  ac¬ 
tion.  To  obtain  the  desired  beneficial  effect  care 
should  be  taken  to  prevent  the  escape  of  F  from  the 
oxide. 
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Abstract 

The  positive  charge,  introduced  into  the  buried  oxide  (BOX)  layer  of  separation  by  implanted  oxygen  (SIMOX) 
material  by  annealing  in  hydrogen  in  the  temperature  range  450-700°C,  has  been  measured  by  a  novel  charge  sensing 
technique  based  on  electron  spin  resonance  (ESR).  Standard  capacitance-voltage  (C-V)  analysis  has  been  used  as 
a  crucial  test  for  this  ESR  method,  yielding  excellent  agreement  between  the  areal  BOX-charge  densities  as  obtained  by 
the  two  techniques.  Photoinjection  of  charges  and  optical  excitation  experiments  have  been  performed  subsequent  to  the 
hydrogen  charging  treatment  to  obtain  additional  information  on  location  and  stability  of  the  hydrogen-induced  positive 
centers.  The  charge  injection  experiments  revealed  that  these  centers  are  very  stable  (even  electron  injection  does  not 
affect  them  despite  their  Coulombic  attractive  potential).  Generally,  the  charge  injection  and  optical  excitation  data, 
together  with  the  results  from  both  ESR  and  C-V  etchback  experiments,  show  that  the  BOX  charge  is  located  very  near 
the  two  Si/BOX  interfaces  (within  a  layer  of  ^  20  nm). 


1.  Introduction 

Separation  by  implantation  of  oxygen  (SIMOX) 
is  one  of  the  leading  techniques  for  producing  sili¬ 
con-on-insulator  (SOI)  material.  However,  a  num¬ 
ber  of  irradiation  and  charge  injection  experiments 
have  demonstrated  that  the  buried  oxide  (BOX) 
contains  large  concentrations  of  deep  charge  traps 
[1,  2].  Also,  the  enhanced  sensitivity  of  the  BOX  to 
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defect  generation  [3-5]  and  to  treatments  involv¬ 
ing  hydrogen  [3,  6]  has  demonstrated  its  inferior 
quality  as  compared  to  standard  thermal  Si02.  In 
recent  work  it  was  shown  that  simple  annealing  in 
hydrogen  in  the  temperature  range  450-700°C  in¬ 
troduces  positive  charge  in  the  BOX  [7].  This  pos¬ 
itive  charge  was  detected  by  electron  spin  reson¬ 
ance  (ESR).  Although  no  direct  ESR  signal  asso¬ 
ciated  with  the  positive  charge  centers  was  ob¬ 
served,  both  the  charge  sign  and  density  of  the 
centers  were  determined  through  their  band  be¬ 
nding  effect  which  activates  a  shallow  O-related 
donor  residing  in  the  interfacial  Si  regions  near  the 
BOX.  This  could  be  done  because  the  detected 
shallow  donor  areal  spin  density  (up  to 
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^5  X  10^^  cm  "“)  was  observed  to  match  the  areal 
density  of  positive  BOX  charge. 

In  the  present  study  this  new  charge  sensing 
technique  was  combined  with  standard  capacit¬ 
ance-voltage  (C-V)  analysis,  both  as  a  crucial  test 
for  the  ESR  method  and  to  characterize  further  the 
hydrogen-induced  hole  centers.  Both  the  ESR  and 
the  C-V  method  were  combined  with  etchback 
experiments,  yielding  BOX-charge  depth  profiles. 
In  addition,  charge  injection  experiments  were  per¬ 
formed  subsequent  to  the  hydrogen  charging  treat¬ 
ment  to  obtain  additional  information  on  location 
and  stability  of  the  charge  centers. 


2.  Experimental  procedures 

State-of-the-art  SIMOX  samples  were  formed  by 
single  (SI)  or  multiple  (MI)  implantation  of  an  n- 
type  (00  1)  Si  substrate  maintained  at  bOO^'C  with 
200  keV  ions  to  a  final  dose  of  ^1.8  and 
--2.25  X  10^^  cm  and  annealing  at  1325^C  in 
Ar  +  1%  O2  for  5  h,  yielding  a  BOX  layer  of  ~400 
and  -^490  nm,  respectively,  and  a  crystalline  top  Si 
layer  of  —200  nm.  The  samples  were  etched  in  50% 
KOH  solution  at  43°C  to  remove  the  top  Si  layer. 

The  hydrogen  charging  anneals  were  performed 
in  H2  (99.9999%  pure;  1.1  atm)  for  20  min  in  the 
range  223-1050^0,  as  described  elsewhere  [7].  As 
explained  above,  the  positive  BOX  charge  was  sen¬ 
sed  indirectly,  by  ESR  detection  of  shallow-donor 
spins  residing  in  the  Si  near  the  BOX/Si  interfaces, 
using  a  K-band  ( —  20.2  GHz)  absorption  spectrom¬ 
eter.  The  areal  density  of  repopulated  (spin-active) 
shallow  donors  in  the  samples  was  determined  at 
4.3  K  relative  to  a  Si :  P  powder  intensity  standard 
of  [P]  =  1.7  X  10^^  cm“^  which  was  always  identi¬ 
cally  attached  to  the  samples.  This  was  done  by 
comparing  both  signal  intensities  and  taking  into 
account  the  Curie-Weiss  temperatures  of  both  spin 
systems,  as  outlined  elsewhere  [8].  The  absolute 
accuracy  reached  on  the  areal  spin  density  is  esti¬ 
mated  at  —20%,  while  the  relative  accuracy  in 
comparing  an  ESR  signal  of  one  sample  over  vari¬ 
ous  treatments  may  be  better  than  6%. 

For  the  photoinjection  of  charges  and  optical 
excitation  of  defects  MOS  capacitors  were  fab¬ 
ricated  on  the  various  SIMOX  substrates.  This  was 


achieved  by  deposition  of  semitransparent  Al  or  Au 
gate  electrodes  on  top  of  the  exposed  BOX  layers 
followed  by  UV  or  VUV  illumination  under  the 
desired  gate  bias.  High-frequency  C-V  measure¬ 
ments  were  performed  at  1  MHz  using  similar 
MOS  structures.  In  order  to  obtain  BOX  charge 
depth  profiles,  both  the  C-V  and  the  ESR  charge 
sensing  methods  were  carried  out  in  combination 
with  etchback  experiments.  The  BOX  layers  were 
thinned  in  HE  solution  and  the  thickness  was 
monitored  by  ellipsometry  and  by  stylus  pro- 
filometry. 


3.  Experimental  results 

Fig.  1  shows  the  remaining  areal  ESR-active  do¬ 
nor  density  relative  to  the  initial  value  versus  the 
remaining  layer  thickness  as  obtained  from  etch¬ 
back  experiments  on  SI  samples  positively  charged 
by  a  hydrogen  anneal.  As  the  detected  areal  donor 
density  matches  the  areal  density  of  positive  charge 
units  in  the  BOX,  the  derivative  of  this  plot  directly 
yields  the  BOX  charge  depth  profile. 

In  Fig.  2  the  C-V  curve  shift  is  plotted  versus  the 
remaining  BOX  thickness.  This  etchback  experi¬ 
ment  was  performed  on  MI  samples  that  were 


substr.  Si/BOX  BOX/top  Si  top  Si/air 


Fig.  1.  Remaining  areal  donor  density  relative  to  the  initial 
value  as  a  function  of  remaining  buried  oxide  layer  thickness  as 
obtained  from  etchback  experiments  on  single  implanted 
SIMOX  that  was  positively  charged  by  hydrogen  annealing. 
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remaining  BOX  thickness  (nm) 


Fig.  2.  C-V  curve  shift  versus  remaining  BOX  thickness  as 
obtained  from  etchback  experiments  on  triple  implanted 
SIMOX  that  was  positively  charged  by  annealing  in  at 
520"C.  The  dashed  and  the  full  curve  show  the  expected  C-V 
shift  versus  BOX  thickness  behavior  for  a  uniform  positive 
charge  distribution  in  the  BOX  and  for  one  located  at  the 
substrate  interface,  respectively. 


Temperature  (°C) 


Fig.  3.  Areal  positive  BOX  charge  measured  by  the  C-V  and 
ESR  methods  on  a  set  of  single  implanted  SIMOX  samples 
annealed  in  at  different  temperatures  (yielding  different  BOX 
charge  contents). 

positively  charged  by  annealing  in  H2.  The  data 
clearly  exhibit  a  linear  dependence  on  remaining 
BOX  thickness  which  is  expected  from  C-V  theory 
only  if  the  positive  charge  is  located  right  at  the 
substrate  Si/BOX  interface.  For  comparison,  the 


dashed  parabolic  curve  shows  the  expected  C-V 
shift  versus  BOX  thickness  behavior  if  one  would 
assume  a  uniform  positive  charge  distribution  for 
the  BOX. 

Fig.  3  shows  the  areal  positive  BOX  charge  as 
obtained  by  both  the  C-V  and  ESR  method  on 
a  set  of  SI  samples  annealed  in  H2  at  different 
temperatures  (yielding  different  BOX  charge  con¬ 
tents). 

4.  Discussion 

As  can  be  seen  from  Fig.  1,  all  the  positive  BOX 
charge  is  located  very  close  to  the  two  BOX/Si 
interfaces  (  <  20  nm  layers).  The  slope  exhibited  by 
the  datapoints  in  the  bulk  of  the  BOX  is  tentatively 
associated  with  the  presence  of  negative  charge.  The 
C-V  etchback  data  presented  in  Fig.  2  confirm  the 
result  from  the  ESR  depth  profile,  i.e.,  the  hydrogen- 
induced  BOX  charge  is  located  near  the  interfaces. 

Having  ascertained  the  location  of  the  positive 
charges  in  the  BOX,  the  areal  positive  BOX-charge 
densities  can  be  calculated  straightforwardly  from 
the  measured  C-V  curve  shift  values.  These  values 
can  then  be  compared  to  the  values  obtained  by  the 
ESR  method,  allowing  an  absolute  test  of  this  novel 
charge  sensing  technique.  As  the  ESR  method  does 
not  require  any  metal  gate  contacts,  it  follows  from 
simple  semiconductor  device  theory  that  the  areal 
positive  BOX-charge  density  equals  the  detected 
areal  density  of  spin  active  donor  centers.  This 
means  that  each  positive  charge  unit  in  the  BOX 
must  be  compensated  by  an  electron  trapped  at 
a  donor  site,  yielding  a  paramagnetic  center.  The 
data  in  Fig.  3  show  good  agreement  between  the 
BOX  charge  as  obtained  by  ESR  and  C-V,  except 
for  the  T  =  690°C  point.  In  the  latter  case,  the  ESR 
value  is  far  too  low.  This,  however,  can  easily  be 
explained  as  the  charge  sensing  donor  probe  satu¬ 
rates  at  a  given  value  [8],  i.e.,  at  the  onset  of  strong 
accumulation  (inversion). 

Optical  excitation  of  defects  by  UV  irradiation 
under  negative  gate  bias  (  —  1  MV/cm)  was  ob¬ 
served  to  introduce  positive  charge  into  the  BOX 
with  an  areal  density  of  ^5  x  10^^  cm“^  (satura¬ 
tion  level).  This  effect  was  observed  in  a  control 
sample  (standard  BOX)  as  well  as  in  BOX  that 
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received  a  900''C  H2  anneal  inducing  positive  BOX 
charge  (-^1.3x  10^^  cm”").  UV  irradiation  under 
zero  bias  again  neutralized  the  UV-induced  charge 
in  both  samples  but  did  not  aflfect  the  H2-anneal- 
ing-induced  charge.  As  the  saturation  level  of  the 
positive  charge  density  introduced  in  this  manner  is 
bias  field  dependent  [9],  this  means  that  the  hydro¬ 
gen  charging  treatment  has  little  effect  on  the  elec¬ 
tric  field  near  the  substrate  Si/BOX  interface,  which 
is  again  confirmed  by  the  observed  perfect  charge 
compensation  upon  UV  irradiation  under  zero 
bias.  This  is  only  possible  if  the  charge  is  located 
very  near  to  the  substrate  Si/BOX  interface.  This 
result  confirms  the  etchback  data. 

Photoinjection  of  electrons  was  achieved  by 
VUV  irradiation  under  negative  gate  bias 
( ~  1  MV/cm).  Surprisingly,  both  BOX  layers 
(standard  and  H2  annealed)  trap  about  the  same 
amount  of  electrons,  i.e.,  saturation  occurs  at 
^  1.2  X  10^^  cm“^.  So,  the  initial  (H2-annealing  in¬ 
duced)  charge  difference  is  not  affected.  This  means 
that  the  hydrogen-induced  positive  charge  centers 
are  very  stable:  not  only  do  they  survive  storage  for 
months,  but  they  even  remain  stable  under  electron 
injection.  Apparently,  electrons  cannot  be  trapped 
by  these  centers  despite  of  their  Coulombic  attract¬ 
ive  potential.  This  situation  only  seems  possible  if 
the  centers  are  located  near  the  Si/BOX  interface 
(i.e.,  if  the  first  electron  level  in  the  Coulomb  poten¬ 
tial  well  lies  above  the  Si  conduction  band  edge). 
This  result  again  confirms  the  U  V  and  the  etchback 
data. 


5.  Conclusions 

As  a  main  result,  good  agreement  has  been  ob¬ 
served  between  the  BOX-charge  densities  deter¬ 
mined  by  C-V  analysis  and  the  density  values 
determined  by  a  novel  charge  sensing  technique 
based  on  ESR.  From  a  technical  point  of  view,  it 


validates  the  outlined  ESR  method  as  an  adequate 
tool  for  BOX  charge  sensing,  providing  accurate 
data  without  the  complications  of  metal  gate  elec¬ 
trodes  and  contacts. 

The  charge  injection  and  optical  excitation  ex¬ 
periments  show  that  the  hydrogen-induced  charge 
centers  are  very  stable:  they  survive  storage  for 
months  and  even  electron  injection  does  not  affect 
these  centers  despite  their  Coulombic  attractive 
potential.  This  feature,  and  the  results  from  both 
ESR  and  C  V  etchback  experiments,  yielding  BOX 
charge  depth  profiles,  demonstrate  that  this  charge 
is  located  mainly  very  near  the  two  Si/BOX  interfa¬ 
ces  (in  a  layer  of  ^  20  nm).  This  is  likely  related  to 
the  assumed  presence  of  Si  clusters  in  these  regions 

[9]. 

Support  to  this  work  by  the  Belgian  National 
Fund  for  Scientific  Research  is  gratefully  acknow¬ 
ledged. 
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Abstract 

Recent  studies  involving  hydrogen  and  its  compounds  in  the  Si/Si02  system  are  examined  as  a  basis  for  a  comprehen¬ 
sive  model  of  hydrogen  physical  chemistry  in  the  system.  A  model  will  require  resolution  of  contradictions  among 
experimental  findings  on  passivation  of  centers,  radiation  damage  mechanisms,  diffusion,  and  physisorption  and 
chemisorption  in  the  Si02  lattice.  New  finclings  on  bias-temperature  instability  suggest  approaches  which  may  resolve 
some  key  problems. 


1.  Introduction 

Hydrogen  has  figured  heavily  in  seiniconductor 
technology  for  many  years,  and  is  crucial  in 
metal-oxide-silicon  (MOS)  integrated  circuits  (IC). 
It  is  essential  as  passivant  for  interface  traps,  and 
was  applied  early  for  this.  As  IC  devices  advanced, 
problems  surfaced;  various  instabilities  seemed 
vaguely  connected  with  hydrogen.  Despite  this  sus¬ 
picion,  and  despite  the  vast  investment  in  IC,  sys¬ 
tematic  research  on  physical  chemistry  of  hydrogen 
in  the  Si/Si02  system  has  never  been  done.  The 
knowledge  gleaned  has  been  fragmentary.  By  now, 
however,  these  disconnected  fragments  have  willy- 
nilly  built  to  a  substantial  mass.  In  this  paper,  we 
will  examine  selected  findings  and  interpretations. 
We  will  include  our  own  recent  results,  which  cor¬ 
rect  one  major  deficiency  in  the  mass,  and  we  will 
attempt  to  fuse  some  disparate  findings  into  the 
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beginnings  of  a  general  model  for  hydrogen  in  the 
Si/SiOa  system. 


2.  Experimental  and  theoretical  approach 

The  reader  should  consult  the  references  for  ap¬ 
proaches  used  in  the  cited  studies.  We  are  presen¬ 
ting  only  a  few  of  our  own  unpublished  findings; 
the  major  effort  here  is  to  scrutinize  and  reinterpret 
published  works.  Our  bias-temperature  and  an¬ 
nealing  studies  were  largely  done  with  aid  of  elec¬ 
tron  spin  resonance  (ESR),  along  with  simple 
capacitance-voltage  techniques.  Better  electrical 
techniques  were  used  by  our  colleagues  elsewhere. 


3.  Observed  results 

3.L  Atomic  hydrogen 

The  behavior  of  purported  atomic  hydrogen  in 
Si/Si02  is  ambiguous  and  paradoxical.  Atomic  H  is 
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Fig.  1.  Passivation  of  centers  by  molecular  H2,  and  rf- 
plasma-generated  atomic  H.  Adapted  from  Refs.  [3]  and  [4]. 


Time  (h) 

Fig.  2.  Concerted  evolution  of  oxide  charges  and  interface 
traps  Nil.  Radiation,  ~  65  h;  gas  introduced  as  marked.  After 
Ref.  [8]. 


easily  detected  at  low  temperature  by  ESR  in  either 
thermal  film  [1]  or  vitreous  silica  [2]  after  irradia¬ 
tion.  The  ESR  disappears  above  100  K,  indicating 
a  great  decrease  in  [H].  Nevertheless,  the  existence 
of  atomic  H  in  thermal  Si02  at  300  K  and  above  is 
suggested  by  the  much  easier  passivation  of 
Pb  centers  ( •  Si  =  Si3)  or  interface  traps  as  com¬ 
pared  to  the  effect  of  molecular  H2.  The  atomic 
H  was  produced  either  by  rf  plasma  or  by  reaction 
of  Si02  surface  silanols  (hydroxyls)  with  an  alumi¬ 


num  metallization  above  600  K.  Simple  experi¬ 
ments  using  both  atomic  H  and  molecular  H2  are 
shown  in  Fig.  1  [3,4].  A  great  difference  in  anneal 
temperature  between  H  and  H2  is  seen.  Measure¬ 
ments  from  the  latter  and  some  better  studies  show 
activation  energy,  0.3“0.6  eV  for  passivation  by 
atomic  H  [5],  compared  to  2.6  eV  for  molecular 
H2  [6].  The  contradictions  regarding  atomic  H 
above  100  K  might  be  resolved  by  another  H-bear- 
ing  entity. 

3.2.  Radiation-generated  interface  traps 

Generation  of  by  attack  of  radiolytic  hydro¬ 
gen  has  been  proposed  several  times  [7,8],  in  ac¬ 
cord  with 

H-Pb  +  H^Pb  +  H2T.  (1) 

Some  appealing  experiments  have  supported  this 
idea  or  variants  thereof.  Among  them,  the  temporal 
growth  and  decline  of  positive  oxide  charges 
correlated  with  the  subsequent  growth  of  [8], 
Fig.  2,  supports  a  two-stage  process.  The  first  is  the 
cracking  of  radiolytic  H2  by  E'  damage  centers 
(O3  —  Si' —  ^Si  “  O3)  near  the  Si/Si02  interface: 

H2+  ^E  -^H-E-hH^t-  (2) 

Molecular  orbital  calculations  predict  that  this 
would  be  an  easy  reaction  [9];  widely  unheralded 
experiments  have  shown  that  molecular  H2  passi¬ 
vates  E'  centers  at  room  temperature,  Fig.  3  [10]. 
Later  experiments  confirmed  the  ease  of  the  reac¬ 
tion  [11,12],  and  showed  to  be  very  low,  only 
about  0.3  eV  [11],  Fig.  3.  The  protons  are  then 
driven  to  the  interface  by  the  positive  bias,  where 
they  are  neutralized  upon  picking  up  an  electron 
from  the  Si  surface.  Interface  traps  are  then 
proposed  to  be  generated  by  the  reaction  of  Eq.  (1). 

3.3.  Passivation  and  depassivation  of  P/,  centers 

3.3.1.  Reduced-passivant  ambients 

Depassivation  of  Pb  centers  has  been  studied  in 
two  ways.  In  the  first,  a  previously  hydrogen-pas¬ 
sivated  sample  is  exposed  to  vacuum,  nitrogen,  or 
air  [6].  In  the  second,  depassivation  is  (perhaps 
surprisingly)  observed  in  a  nominally  hydrogenous 
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Fig.  3.  Reaction  of  H2  with  E'  centers,  (a)  Boron  implant,  (b)  Electron  irradiation.  After  Refs.  [7]  and  [11]. 


Fig.  4,  Passivation/depassivation  of  interface  traps  with  atomic 
H  from  Al/silanol  reaction  in  (111)  wafer.  After  Ref.  [5]. 


atmosphere  immediately  following  passivation 
with  a  limited  supply  of  passivant,  as  in  a  metallized 
sample  with  the  only  source  of  H  being  the  silanols 
[5].  In  these  cases,  [Pb]  or  increases  as  temper¬ 
ature  is  raised  above  the  original  passivating  range, 
or  as  the  passivation  anneal  is  prolonged  at  the 
original  temperature.  An  example  of  the  latter  is 
shown  in  Fig.  4.  The  kinetics  were  well  developed  in 
both  cited  studies.  The  possibility  that  atomic 
H  might  act  as  depassivant  in  a  reaction  like  that  of 
Eq.  (2)  was  considered;  and  while  this  mechanism 
was  judged  plausible,  it  was  found  not  in  accord 
with  the  kinetics.  Simple  dissociation  of  passivated 
Pb  centers  was  found  to  be  strongly  preferred  in  the 
cases  at  hand  [5,6]. 


Fig.  5.  Interface-trap  passivation  by  molecular  H2  or  rf-plasma 
atomic  H;  =  NJilA  eV).  Adapted  from  Ref  [13]. 


3.3.2.  Unlimited  passivant 

Passivation  with  unlimited  supply  of  H  or 
H2  offers  a  still  better  demonstration  of  the  incon¬ 
sistency  of  rad-damage  and  annealing  results.  In 
a  Si/Si02  samples  annealed  with  a  constant  supply 
of  passivant,  either  H2  or  (plasma-generated)  H  ul¬ 
timately  approached  the  same  Ait,  characteristic  of 
the  anneal  temperature  [13],  Fig.  5.  The  only  differ¬ 
ence  was  that  atomic  H  acted  much  faster.  Higher 
temperature  anneal  effected  a  greater  reduction  in 
Ait,  and  a  sample  previously  annealed  at  a  higher 
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Fig.  6.  Dependence  of  negative-bias-temperature  instability  on 
electric  field.  After  Ref.  [15]. 

temperature  would  depassivate  at  a  lower  temper¬ 
ature,  asymptotically  reaching  the  characteristic 
of  the  same  temperature.  These  results  counter- 
indicate  any  forward  and  reverse  reaction  equi¬ 
librium  incorporating  Eq.  (1),  since  the  same 
equilibrium  condition  (revealed  in  N^)  could  not 
occur  for  the  widely  differing  [H]  and  [H2]  im¬ 
posed  by  the  contrasting  ambients. 

3.4.  Negative-bias-temperature  instability 

The  anomalies  among  experimental  results  sug¬ 
gest  the  need  for  one  or  more  additional  hydro¬ 
genous  species  which  buffer  the  system.  The  nega¬ 
tive-bias-temperature  instability  (NBTI)  has  re¬ 
cently  been  the  basis  for  a  suggestion  of  one  new 
species,  viz.,  H30'^  [14].  This  species,  often  called 
the  hydronium  ion,  has  been  only  rarely  invoked  in 
Si/Si02  studies,  though  its  stature  in  the  physical 
chemistry  of  liquids,  gases,  and  solids  has  grown 
steadily  in  the  past  40  years.  In  the  NBTI,  and 
(  =  ^ox  X  electronic  charge)  are  produced  by 
heating  with  concurrent  application  of  a  negative 
electric  field  [15],  Fig.  6.  The  effect  is  stronger  in 
wet  oxides  than  dry,  but  no  systematic  study  of  the 
role  of  water  was  undertaken  until  fairly  recently. 
In  this  newest  study,  it  was  found  that  the  induced 
Njt  =  Noxj  ^nd  that  both  were  linearly  dependent 
on  field.  Moreover,  the  detailed  effect  of  oxide  hy¬ 
drogen  content  was  quite  unexpected. 

Samples  prepared  with  graded  [H]  were  stressed 
with  either  field  (to  10  MV  cm“  or  heat  (to  700  K) 


Fig.  7.  Generation  of  [Pb]  by  electric  field  at  300  K;  E.^  for 
thermal  generation  without  field;  [PJ  predicted  for  binomial 
distribution  of  H2O  molecules  in  SiO,  pores 


applied  independently.  The  surprising  results  are 
shown  in  Fig.  7  [14].  The  NBTI  does  not  increase 
steadily  with  hydrogen  content;  it  is  maximized  at 
a  value  of  about  10^^  cm“^.  The  activation  energy 
£3  for  depassivation  is  very  low  at  this  value  of  [H]. 
Reactions  which  show  a  minimum  in  at  some 
intermediate  condition  are  known  in  electrochem¬ 
istry,  and  a  recent  model  for  a  general  case  of 
minimum  is  termed  the  Marcus  effect  [16].  Con¬ 
sideration  of  these  model  mechanisms,  and  many 
reaction  studies  over  the  years,  led  to  the  proposal 
of  the  NBTI  reaction 

H  -  Si  =  -h  H2O  +  h^  ^  -Si  =  +  H30^  .  (3) 

The  hole  is  h^.  The  binding  energy  of  a  proton  to 
H2O  is  very  high,  at  least  8  eV,  depending  on  the 
amount  of  water  in  the  vicinity  and  other  factors. 
The  higher  end  of  the  range  is  stronger  than  any 
other  chemical  bond  in  the  Si/Si02  system.  Hy¬ 
dronium  is  clearly  a  species  to  be  reckoned  with. 

The  binding  energy  has  been  calculated  by  mo¬ 
lecular  orbitals  and  measured  by  electrochemical 
cycles,  and  is  found  to  range  from  8  eV  for  H30^  to 
13  eV  for  H30^  •  4H2O  [17].  In  accord  with  Mar¬ 
cus,  it  was  suggested  that  E^  goes  through  its  mini¬ 
mum  with  2  H2O  molecules.  If  one  assumes  that 
Si02  is  a  matrix  with  pores  that  can  hold  4  H2O 
molecules,  and  starts  to  fill  them  randomly,  then 
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Fig.  8.  Occupancy  of  pores  in  Si02  by  H2O  molecules  and  preferential  depassivation  of  Pb  centers  by  optimum  number  of  H2O. 


the  number  of  pores  with  two  molecules  is  maxi¬ 
mized  when  their  aggregate  capacity  is  half  full.  The 
distribution  predicted  by  binomial  or  Poisson  stat¬ 
istics  is  shown  in  Fig.  7  and  the  pore-filling  argu¬ 
ment  for  the  NBTI  is  shown  in  Fig.  8. 

The  postulated  presence  of  H30^  opens  possi¬ 
bilities  for  new  reaction  mechanisms  which  might 
unify  some  of  the  discordant  results  above  and 
explain  other  phenomena,  as  well.  For  one 
example,  hydrogen-related  generation  of  interface 
traps  might  proceed  by  a  converse  of  Eq.  (3): 

H-Si  =  +H30^  -he“  Si  =  +H20  +  H2t- 

(4) 

The  slow  generation  of  after  a  radiation  event 
has  been  found  to  depend  on  the  electric  field  [18], 
but  the  relationship  is  complicated  and  unsettled. 
Electric  fields  in  the  MV  cm“^  range  would  have 
drastic  effects  on  [e"]  or  [h^]  at  the  interface,  and 
thereby  on  reaction  rates.  The  reaction  of  Eq.  (4) 
could  comprise  the  second  stage  of  the  E'-model, 
but  without  the  discrete  neutralization  of  protons 
at  the  Si  interface. 

In  a  second  example,  the  seemingly  unavoidable 
positive  oxide  charge  after  thermal  oxidation  has 


never  been  identified  with  any  particular  defect 
moiety  by  ESR.  Perhaps  it  is  H30^,  existing  in 
a  buffered  double-layer  equilibrium  near  the  nega¬ 
tively-charged  Si  surface.  Finally,  some  of  the  de¬ 
passivation  kinetics  in  nominally  very  dry  oxides 
should  perhaps  be  reconsidered  if  there  is  a  chance 
that  H2O  may  have  been  formed  along  the  way.  It 
has  been  found  that  even  ultradry  oxides  have 
considerable  [H  species]  near  the  Si  interface  [19]. 

3. 5.  Silanol  disposition  and  water  diffusion  in  Si02 

It  has  been  determined  that  H2O  is  readily  trans¬ 
ported  through  thermal  oxides  at  about  350  K 
[19],  much  faster  than  the  diffusion  constants  from 
vitreous  silica  predict  [20].  Yet  neither  the  NBTI 
nor  the  much-studied  bulk  oxide  electron  trapping 
[19]  is  abetted  by  this  low-temperature  water  infu¬ 
sion.  The  higher  temperature  required,  >  400  K, 
could  mean  that  physisorbed  and  chemisorbed 
H2O  must  be  specifically  included  in  any  model  for 
hydrogen  reactions  [21].  These  species  are  shown 
in  Fig.  9.  Chemisorbed  water  is  easily  produced  in 
any  Si02-growth  process  in  a  wet  environment. 
The  chemisorbed  H2O  constitute  paired  silanols. 
They  desorb  above  700  K,  but  their  resorption  in 
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Fig.  9.  Disposition  of  H^O  in  amorphous  Si02.  (a)  H-bonded  vicinal  silanols,  comprising  chemisorbed  H2O.  (b)  H2O  molecule 
thermally  ejected  from  silanol  pair,  with  condensation  of  dehydrated  site  to  form  a  siloxane  linkage,  =  Si-02-Si  =  .  (c)  H2O  H-bonded 
to  vicinal  silanols,  comprising  first-layer  physisorbed  H2O.  (d)  H2O  H-bonded  to  isolated  silanol. 


already-grown  Si02  has  not  been  well  defined;  it  is 
not  a  simple  process  occurring  when  temperature  is 
lowered.  Another  complexity  is  physisorbed  water, 
attached  to  the  silanols.  The  first  layer  of  physisor¬ 
bed  water  is  dislodged  with  only  about  0.5  eV. 
The  second  layer  binds  much  more  strongly,  indic¬ 
ating  some  molecular  reorganization.  With  the 
strongest  bond  of  all,  a  proton  would  no  doubt 
attack  all  forms  of  adsorbed  H2O. 

The  solubility  of  H2O  in  vitreous  Si02  is  propor¬ 
tional  to  the  square  root  of  [H2O]  in  the  ambient 
[20],  Fig.  10,  meaning  that  two  species  are  present 
in  the  Si02.  Their  identity  is  a  mystery;  OH“  and 
H30^  is  one  possibility.  Diffusion  of  charged  spe¬ 
cies  would  be  subject  to  much  drag,  and  so  the  fast 
ingress  at  360  K  probably  implicates  a  porous 
structure.  In  a  water-laden  matrix,  protons  might 
be  transported  by  tunneling  between  adjacent  H2O 


molecules,  which  is  pertinent  to  the  proton  diffu¬ 
sion  proposed  as  part  of  rad-damage  genera¬ 
tion. 


4.  Concluding  remarks 

We  can  draw  only  partial  conclusions  in  the 
areas  of  study  examined  here.  Depassivation  find¬ 
ings  appear  to  rule  against  radiation-damage 
mechanisms  which  postulate  attack  by  atomic 
H  on  passivated  Pb  centers.  The  seeming  disappear¬ 
ance  of  atomic  H  above  100  K,  coupled  with  its 
continued  passivating  power,  suggests  the  presence 
of  an  unsuspected  hydrogenous  entity.  The  newly 
developed  working  hypothesis  for  the  NBTI  intro¬ 
duces  H30^  in  perhaps  the  most  complex  chemical 
argument  yet  applied  to  the  Si/Si02  system.  The 
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Fig.  10.  Solubilityof  H2O  in  vitreous  Si02.  Number  of  molecu¬ 
lar  moieties  is  n;  P  is  partial  pressure  After  Ref.  [20]. 

very  high  affinity  of  H2O  for  the  odd  proton  man¬ 
dates  that  H30'^  be  considered  in  modeling  of 
H-related  phenomena  near  the  Si/SiOi  interface  -  a 
region  which  is  always  hydrogen -and  probably 
silanol-rich.  The  existence  of  two  exponentially  de¬ 
pendent  reaction  rate  factors  (carrier  concentration 
and  Arrhenius  activation)  may  explain  the  wide 
divergence  in  experimental  results  and  interpreta¬ 
tions.  Hopefully,  the  proposed  model  for  the  NBTI, 
derived  from  broad-range  control  of  [H  species]  in 
the  samples,  will  inspire  a  similar  approach  to  radi¬ 
ation  effects  and  depassivation. 


[2]  D.L.  Griscom,  Nucl,  Instr.  Meth.  B46  (1990)  12. 

[3]  N.M.  Johnson,  D.K.  Biegelsen  and  M.D.  Moyer,  J.  Vac. 
Sci.  Technol.  19  (1981)  390. 

[4]  P.J.  Caplan  and  N.M.  Johnson,  unpublished  results. 

[5]  M.L.  Reed  and  J.D.  Plummer,  J.  Appl.  Phys.  63  (1988) 
5776. 

[6]  K.L.  Brower,  Phys.  Rev.  B42  (1990)  3444. 

[7]  N.S.  Saks  and  D.B.  Brown,  IEEE  Trans,  Nucl.  Sci.  36 
(1989)  1848. 

[8]  R.E.  Stahlbush,  A.H.  Edwards,  D.L.  Griscom  and  B.  J. 
Mrstik,  J.  Appl.  Phys.  73  (1993)  658. 

[9]  A.H.  Edwards,  unpublished  results. 

[10]  B.I.  Vikhrev,  N.N.  Gerasimenko  and  G.P.  Lebedev,  Mik- 
roelektronika  6  (1977)  71. 

[11]  Z.  Li,  S.J.  Fonash,  E.H.  Poindexter,  M.  Harmatz,  F.  Rong 
and  W.R.  Buchwald,  J.  Non-Cryst.  Solids  126  (1990)  173. 

[12]  J.F.  Conley  and  P.M.  Lenahan,  Appl.  Phys.  Lett.  62  (1993) 
40. 

[13]  L.  DoThanh  and  P.  Balk,  J.  Electrochem.  Soc.  135  (1988) 
135. 

[14]  G.J.  Gerardi,  E.H.  Poindexter,  M.  Harmatz,  W.L.  Warren, 
E.H.  Nicollian  and  A.H.  Edwards,  J.  Electrochem.  Soc.  138 
(1991)  3765. 

[15]  C.E.  Blat,  E.H.  Nicollian  and  E.H.  Poindexter,  J.  Appl. 
Phys.  69  (1991)  1712. 

[16]  R.A.  Marcus,  Discuss.  Faraday  Soc.  29  (1960)  21. 

[17]  B.E.  Conway,  Ionic  Hydration  in  Chemistry  and 
Biophysics  (Elsevier,  Amsterdam,  1981)  pp.  394-404. 

[18]  M.R.  Shaneyfelt,  J.R.  Schwank,  D.M.  Fleetwood,  P.S. 
Winokur,  K.L.  Hughes  and  F.W.  Sexton,  IEEE  Trans. 
Nucl.  Sci.  NS-37  (1990)  1632. 

[19]  R.  Gale,  H.  Chew,  F.J.  Feigl  and  C.W.  Magee,  in:  The 
Physics  and  Chemistry  of  Si02  and  the  Si/SiO^  Interface, 
ed.  C.  R.  Helms  and  B.  E.  Deal  (Plenum,  New  York,  1988) 
p.  177. 

[20]  A.J.  Moulson  and  J.P.  Roberts,  Trans.  Br.  Ceram.  Soc.  59 
(1960)  1208. 

[21]  R.K.  Her,  The  Chemistry  of  Silica  (Wiley,  New  York,  1979) 
pp.  622-648. 


References 

[1]  K.L.  Brower,  P.M.  Lenahan  and  P.V.  Dressendorfer,  Appl. 
Phys.  Lett.  41  (1982)  251. 


Ig 

ELSEVIER 


Journal  of  Non-Crystalline  Solids  187  (1995)  264-269 


lOURNA L Of 

NON-CRMLUNE  SOLIDS 


Measurement  and  analysis  of  hydrogen  depth  profiles  in 
MOS-structures  by  using  the  nuclear  reaction  method 

J.  Krauser*,  F.  Wulf,  D.  Braunig 

Hahn-Meitner-Institut  Berlin  GmbH,  Dept.  AT,  Glienicker  Strasse  100,  14109  Berlin,  Germany 


Abstract 

The  application  of  the  nuclear  reaction  analysis  method  promises  to  become  the  preferred  measure¬ 

ment  tool  for  hydrogen  depth  profiling  in  solids.  A  depth  resolution  of  approximately  5  nm  in  the  near  surface  region  and 
a  sensitivity  <  50  ppma  makes  it  the  best  choice  for  the  analysis  of  thin  films  such  as  the  metal-oxide-silicon  system  in 
semiconductor  research.  The  experimental  setup  for  depth  profiling  at  the  authors’  laboratory,  which  was  recently 
improved,  is  presented  and  its  main  features  are  highlighted.  The  recorded  measurement  data  need  to  undergo 
a  deconvolution  procedure  which  is  solved  by  the  use  of  a  computer  program.  Hydrogen  depth  profiles  of  aluminum  and 
poly-Si  gate  metal-oxide-silicon  capacitors  are  presented  to  show  the  usefulness  of  this  deconvolution.  Applying 
physically  justifiable  parameters,  a  deeper  insight  at  the  important  interface  region  is  possible. 


1.  Introduction 

It  is  widely  accepted  that  hydrogen  plays  one  of 
the  key  roles  in  MOS-device  degradation.  Over  the 
last  few  years  different  attempts  have  been  made  to 
determine  the  exact  degradation  mechanism.  Dif¬ 
ferent  models  exist  describing  the  time,  bias  and 
temperature  dependent  build-up  of  interface  states 
and  oxide  charges  [1-3].  Many  of  them  deal  with 
hydrogen  and  some  even  propose  its  location  and 
distribution  [4].  Recent  measurements  at  our  la¬ 
boratory  also  show  that  there  is  a  direct  correlation 
between  hydrogen  content  and  device  degradation 
[5,6].  Different  analysis  techniques  are  capable  of 
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detecting  the  total  hydrogen  content  in  solids.  Se¬ 
condary  ion  mass  spectroscopy  (SIMS)  has  been 
used  to  show  the  accumulation  of  hydrogen  at  the 
Si02/Si  interface  after  electron  injection  from  the 
silicon  [7].  Nevertheless,  the  results  of  this  method 
on  detecting  light  elements  like  hydrogen  are 
thought  to  be  influenced  by  different  limiting  fac¬ 
tors  (e.g.  charging  effects  and  sputtering  environ¬ 
ment  contamination).  Elastic-recoil  detection  anal¬ 
ysis  (ERDA)  in  reflection  [8]  and  transmission  [9] 
geometry  has  also  been  applied  during  the  last  few 
years.  Hydrogen  depth  profiling  using  the 
ayY~C  nuclear  reaction  analysis  (NRA)  method  is 
more  and  more  becoming  the  preferred  measure¬ 
ment  tool  in  hydrogen  research,  since  it  was  first 
introduced  by  Lanford  et  al.  [10].  This  is  due  to  its 
good  sensitivity  and  the  excellent  depth  resolution 
[11,12].  Nevertheless,  as  the  measured  yield  is 
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a  convolution  of  the  excitation  function  and  the 
initial  hydrogen  distribution,  deconvolution  is  ne¬ 
cessary.  This  is  specially  valid  for  thin  multilayer 
structures  like  the  MOS-system.  A  computer  pro¬ 
gram  was  developed  at  the  HMI  to  perform  the 
deconvolution  [13].  The  purpose  of  this  paper  is  to 
show  how  the  analysis  is  performed  and  to  demon¬ 
strate  its  usefulness  by  a  number  of  examples  of 
hydrogen  depth  profiles  in  MOS-structures.  In  the 
following  section  the  advanced  experimental  setup 
for  profiling  at  our  laboratory  is  described. 


2.  Experimental  setup 

The  experimental  setup  for  depth  profiling 
at  our  laboratory  was  described  previously  by 
Briere  et  al.  [14].  Recently  there  have  been  changes 
to  increase  performance  and  accuracy  of  the 
measurements.  Fig.  1  shows  the  schematic  view  of 
the  setup  as  it  is  used  now.  The  ^  ion  beam  is 
obtained  from  a  new  electron-cyclotron-reson¬ 
ance  (ECR)  ion  source  for  highly  charged  ions 
developed  at  the  HMI  and  ion  currents  greater 
than  10  pA  are  now  possible.  First  measurements 
with  ion  beams  have  been  made  to  further 

increase  detection  sensitivity  [15].  To  avoid  local 
sample  heating,  measurement  currents  in  our  ex¬ 
periments  are  typically  between  300  and  600  nA. 
The  beam  can  be  scanned  electro-magnetically  in 


horizontal  and  vertical  directions.  A  vacuum  better 
than  4x10“^  Pa  is  provided  by  the  use  of  two 
turbomolecular  pumps  and  two  large  cold  traps  to 
reduce  the  buildup  of  hydrocarbons  at  the  sample 
surface  during  measurement  to  a  minimum.  Up  to 
six  samples  of  maximum  4  cm^  in  size  are  mounted 
on  a  sample  holder  that  is  movable  in  all  three 
spatial  directions.  The  vertical  translation  is  per¬ 
formed  by  a  computer-controlled  step  motor.  The 
temperature  of  the  sample  holder  is  controlled  in 
the  range  from  80  to  500  K  and  does  not  deviate 
more  than  2  K  in  the  region  below  room  temper¬ 
ature  and  4  K  at  elevated  temperatures  during 
depth  profiling.  Measurements  presented  in  the  fol¬ 
lowing  sections  were  generally  performed  at  80  K. 
To  enable  direct  measurement  of  the  target  current, 
the  manipulator  unit  is  completely  isolated  from 
the  beam  line.  Suppression  of  secondary  electrons 
rejected  from  the  sample  surface  is  attained  by 
a  magnetic  suppression  plate.  This  ensures  exact 
determination  of  the  target  current,  which  is  integ¬ 
rated  electrically  up  to  the  desired  charge  per  data 
point.  Charge  collection  per  data  point  varies  be¬ 
tween  10  and  200  pC,  depending  on  hydrogen  con¬ 
tent  of  the  sample  and  required  accuracy.  The 
4.43  MeV  gamma  rays  of  the  nuclear  reaction  are 
detected  by  a  3"  x  3"  bismuth  germanate  scintilla¬ 
tion  detector  (BGO)  placed  2  cm  behind  the  sam¬ 
ples  and  at  an  angle  of  0  degrees  to  the  beam. 
Measurements  have  shown  that  this  angle  position 


1  Beamline 

2  Quartz 

3  Faraday  Cup 

4  Cold  Trap 

5  Magn.  Suppr.  Plate 

6  Sample  Holder 

7  BGO-Detector 

8  Pb-Shielding 

9  Manipulator 

1 0  Motor  Drive 

11  Turbo-Pump 

12  Roughing-Pump 


Fig.  1.  Schematic  drawing  of  the  experimental  setup  at  the  HMI. 
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provides  the  highest  counting  rates.  The  detector  is 
shielded  by  lead  bricks  to  reduce  the  background 
counting  rate  which  is  in  the  range  of  0.03  counts/s. 
Calibration  of  the  system  is  performed  by  using  an 
ion-implanted  Si02  sample  as  a  standard.  The  ab¬ 
solute  overall  accuracy  of  the  measurement  is  bet¬ 
ter  than  15%  where  statistical  errors  dominate  (up 
to  10%). 

3.  Theory  of  depth  profiling  and  data  processing 


reaction  cross-section  near  the  resonance  energy 
(6.41  MeV),  a  folding  product  of  a  Lorentzian 
(T  =  1.8  keV  FWHM)  [19]  and  a  Gaussian  shaped 
function.  The  latter  contributes  to  the  Doppler 
broadening  effect  (cjd  =  12  keV  FWHM)  [19].  The 
factor  g(E,  x)  is  the  probability  that  an  ion  will  lose 
energy  E  while  penetrating  the  thickness  x  (Gaus¬ 
sian).  Eq  is  the  initial  beam  energy  and  a  the  stan¬ 
dard  deviation  of  the  energy  distribution.  After 
folding  the  Gaussian  and  Lorentzian  parts  one  gets 
the  following  expression  for  ^(£,  x): 


i.7.  Theory 

The  principle  of  the  method  has  been  given 
by  a  number  of  authors  [16,17].  It  is  not  the  inten¬ 
tion  of  this  paper  to  review  the  theory  of  depth 
profiling  using  ion  beam  techniques  in  an  all-em¬ 
bracing  way.  An  excellent  discussion  of  this  theory 
is  given  by  Maurel  et  al.  [18].  Nevertheless,  it  will 
be  useful  for  the  following  description  of  the  com¬ 
puter  analysis  to  outline  the  basic  formulae.  Using 
narrow  resonance  technique  and  considering  a  flat 
target  with  uniform  composition  and  containing 
the  nuclei  of  interest  (e.g.  hydrogen)  in  a  depth 
dependent  concentration  H(x),  the  measured 
gamma  ray  yield  is  given  by 


with  t  as  a  dummy  variable  and  oc  =  E /2  (Loren¬ 
tzian  parameter).  For  this  integral  a  solution  can  be 
found  and  <P(E,  x)  finally  writes  as 


<P{E,x)=  Rem(^ - +  i- 

77c7(x)  Vy2cr(x) 


The  standard  deviation  of  the  energy  distribution 
cr(x)  is  given  by 


"*00  /  d  F  \ 

y(£o)=  H(x)<piEo-x—,x\dx.  (1) 

Jq  ^  '2 

Eq  is  the  energy  of  the  ions  penetrating  the  target 
and  <P(E,  x)  is  the  probability  for  an  incoming  par¬ 
ticle  to  be  converted  into  a  detected  event.  The 
upper  infinite  limit  of  the  integral  points  out  the 
value  above  which  H(x)  has  reached  a  value  where 
no  counts  produced  by  the  nuclear  reaction  are 
detected.  Later  in  the  program  it  will  be  replaced  by 
the  thickness  d  of  the  hydrogen  bearing  film. 
0{E,x)  is  the  result  of  a  folding  product  (♦)  of 
several  Gaussian  and  a  Lorentzian  function; 

0(£,  x)  =  no  CAQ  h{Eo)*  L(E)  *  D(F,  a)  *  g{E,  x), 

(2) 

where  Hq  is  the  number  of  ^^N-ions  hitting  the 
target,  C  is  the  detector  efficiency,  and  AQ  is  the 
detector  solid  angle. 

In  Eq.  (2),  /i(Fo)  denotes  the  energy  distribution 
in  the  ion  beam  (Gaussian)  and  L(F)  *D(F,  cr)  is  the 


a (x)  =  foCTal .  (5) 

Here  Q  is  the  straggling  cross-section  and  al  de¬ 
notes  all  contributions  that  do  not  depend  on  the 
sample  thickness.  From  this,  it  is  clear  that  the 
accuracy  of  the  hydrogen  profiles  determined  is 
highly  dependent  on  the  accuracy  of  energy  loss 
(dF/dx)  and  energy  straggling  of  the  ion  beam.  The 
values  of  d£/dx  and  Q  for  the  different  materials 
presented  in  the  following  examples  were  taken 
from  the  work  of  Briere  [20].  Independent  film 
thickness  measurements  show  that  this  data  results 
in  excellent  fits.  The  product  (AQ  in  Eq.  (2)  can  be 
determined  by  the  use  of  a  calibration  standard 
with  known  hydrogen  content  (e.g.  H  implanted 
Si02  sample). 

3.2.  Data  processing 

The  deconvolution  of  the  measured  hydrogen 
profile  is  performed  by  folding  <P(F,  x)  with  a  model 
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hydrogen  distribution  H{x)  until  a  best  fit  to  the 
data  is  achieved.  Therefore,  the  deconvolution  pro¬ 
gram  has  to  solve  Eq.  (1)  in  the  following  limits: 


Y{E)  = 


^2><T{n)  +  d 

H[x)<E{E,x)dx . 


-3^7(1) 


(6) 


The  additional  3(7  values  of  the  integration  borders 
have  been  chosen  to  get  a  smooth  course  in  the 
graphic  output  of  the  calculation.  H{x)  is  described 
as  a  composition  of  half  Gaussian  functions  at  the 
interfaces  and  linear  regions  in  the  bulk  of  the 
structure.  These  two  functional  forms  are  well 
suited  and  common  descriptions  for  interfacial  pile- 
up  and  steady  state  diffusion,  respectively.  By 
changing  interactively  the  functional  parameters 
(see  Fig.  2)  of  this  model  H{x)  profile,  we  succes¬ 
sively  approximate  a  best  fit  to  the  measured  data 
points.  With  every  approximation  a  plot  of  the 
error  distribution  is  updated,  thus  the  user  is  in¬ 
formed  about  the  remaining  difference  between 
data  points  and  calculated  curve.  All  other  para¬ 
meters  needed  (e.g.  stopping  power  d£/dx,  straggl¬ 
ing  data  Q)  are  stored  in  a  parameter  list  and 
accessible  for  modifications  in  the  main  menu  of  the 
program.  Fig.  2  shows  the  description  of  the  func¬ 
tional  parameters  of  one  peak  position  (the  number 
of  peaks  is  only  limited  by  storage  capacity).  Divid¬ 
ing  the  curve  in  two  half  Gaussians,  makes  it  pos¬ 
sible  to  refer  to  asymmetrical  profiles  which  can 
occur  when  the  hydrogen  content  changes  very 
rapidly  at  an  interfacial  site.  Three  different  inter¬ 
vals  characterize  a  peak  position: 


left  curve  part  =  /iq  exp 


(x  -  x{n)f 
2(TfeftW 


right  curve  part  =  /iq  exp 


(x  -  x{n)f 
2(7?ight(w) 


straight  line  =  hi(n)  +  h2(n){x  —  x{n)). 


The  integration  of  Eq.  (6)  over  the  individual 
parts  of  the  model  function  is  performed  by  a  rou¬ 
tine  of  the  IMSL  MATH/LIBRARY.  The  program 
is  written  in  standard  FORTRAN  and  imple¬ 
mented  on  a  Convex  C240  computer.  Depending 
on  the  required  accuracy  of  the  approximation  and 
capacity  of  our  computer  network,  calculations  last 
a  few  seconds  up  to  1  minute. 


Fig.  2.  Description  of  the  functional  parameters  for  the  model 
H{x)  curve  at  peak  position  x(n). 


4.  Discussion  and  examples 

4.1.  Al  gate  samples 

In  a  recent  study  of  degradation  behaviour,  we 
investigated  samples  of  Al  gate  MOS  capacitors 
with  different  annealing  history  [6].  The  MOS 
capacitors  were  fabricated  on  n-type  <1 00>  Si  wa¬ 
fers  by  dry  oxidation  at  950°C  leading  to  an  oxide 
thickness  of  95  nm  (determined  by  ellipsometric 
measurement).  Aluminum  contacts  with  1.5  cm  dia¬ 
meter  for  profiling  and  small  dots  (1mm) 
for  C{V)  measurements  were  formed  using  e-gun 
evaporation  (80-100  nm).  Fig.  3  shows  the  meas¬ 
ured  and  fitted  hydrogen  depth  profiles  of  two 
MOS  capacitors.  Sample  All  received  both,  post 
oxidation  anneal  (POA)  at  900°C,  30  min,  in  nitro¬ 
gen  and  post  metallization  anneal  (PMA)  at  450°C, 
30  min,  in  nitrogen.  Sample  A12  only  received  PMA 
following  oxidation.  The  measured  profiles  show 
significant  differences  in  hydrogen  content  in  the 
bulk  Si02  as  well  as  at  the  interfaces  of  the  MOS 
system.  Readers  may  refer  to  Ref.  [6],  where  the 
influence  of  post  oxidation  treatment  is  reported  in 
detail.  The  model  H{x)  distributions  for  the  fits  are 
shown  in  Fig.  4.  Now  the  program  has  transformed 
the  energy  loss  scale  to  a  depth  scale  by  using  the 
appropriate  stopping  powers  for  the  different 
layers.  These,  as  well  as  all  other  parameters  needed 
for  the  fits  in  these  and  the  next  examples  are 
presented  in  Table  1.  The  height  of  the  surface  peak 
depends  mainly  on  vacuum  conditions  and  is  found 
to  reach  values  up  to  6  x  10^^  cm”^.  It  is  interest¬ 
ing  to  note  that  it  is  not  possible  to  get  a  good  fit  at 
the  Al/Si02  interface  by  using  the  same  small 
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sigma  values  like  for  the  surface  peak  and  the  peak 
at  the  Si02/Si  interface.  For  both  samples  the 
spatial  H  distribution  has  to  be  enlarged,  for 
sample  A12  up  to  16  nm.  Large  spatial  distributions 


Fig.  3.  Measured  and  fitted  hydrogen  depth  profiles  of  Al  gate 
MOS  capacitors  treated  with  different  POA  and  PMA  steps. 
Lines  are  the  result  of  the  fitting  procedure. 


Fig.  4.  Model  hydrogen  profiles  H{x)  to  achieve  the  fits  in 
Fig.  3. 


of  H  segregated  at  an  Al/Si  interface  of  approx. 
13  nm  have  also  been  reported  by  Liu  et  al.  [21]. 
The  interfacial  hydrogen  contents  are  found  by 
integrating  H{x)  over  the  region  of  interest  (done  by 
the  program).  For  the  Al  gate  examples  of  Fig.  4 
these  values  are  2xl0^^cm~^  (All)  and 
9xl0^^cm"^  (A12)  at  the  Si02/Si  as  well  as 
BxlO^'^cm^^  and  SxlO^'^cm”^  at  the  Al/Si02 
interface,  respectively. 

4.2.  Poly-Si  gate  samples 

The  measured  and  fitted  hydrogen  depth  profiles 
for  two  poly-Si  gate  MOS  capacitors  are  shown  in 
Fig.  5.  Their  fitting  parameters  are  listed  in 
Table  1.  The  most  striking  difference  to  the  Al  gate 
samples  is  that  there  is  no  significant  peak  in 
hydrogen  concentration  found  at  the  gate/Si02 


ENERGY  LOSS  AE  [keV] 

Fig.  5.  Measured  and  fitted  hydrogen  depth  profiles  of  poly-Si 
gate  MOS  capacitors  treated  with  different  POA  temperatures 
after  thermal  oxidation. 


Table  1 

Fitting  parameters  for  the  examples  presented  in  Figs.  3  and  5. 


Sample 

Peak  position 
x{n)  (nm) 

Peak  width 
a{2n  ~  1);  (7(2n)(nm) 

Peak  height 
ho{n) 

Straight  line,  slope 
/ii  («),  luin) 

stopping  power 
(keV/nm) 

Straggling  Q 
(10^  eV^/nm) 

All 

0/75.5/168.5 

0.5;  0.5/8;8/0.5;0.3 

240/11/13.5 

1.45/1.63/0.32 

0/  -0.013/  -0.003 

1.6/1.54/1.43 

1.62/1.18/1.52 

A12 

0/91.5/186 

1.3;0.7/l;l/0.7;0.5 

180/228/75 

3.3/8.1/1 

0.01/  -0.04/-0.1 

1,6/1.54/1.43 

1.62/1.18/1.52 

950X 

0/99/200.5 

0.5;0.5/0.5;0.5/0.5;0.5 

290/8/8.3 

1/0.55/0.4 

-0.0048/0/0 

1.43/1.54/1.43 

1.52/1.18/1.52 

800"C 

0/88/187 

0.5;0.5/0.5;0.5/0.5;0.5 

363/8/14.5 

0.69/0.34/0.15 
-  0.0045/0/0 

1.43/1.54/1.43 

1.52/1.18/1.52 
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Fig.  6.  Model  hydrogen  profiles  H{x)  to  achieve  the  fits  in 
Fig.  5. 

interface.  Hydrogen  content  within  the  bulk  oxide 
is  generally  decreased  and  does  not  show  a  negative 
gradient  in  concentration  towards  the  SiOa/Si  in¬ 
terface.  The  average  hydrogen  concentration  in  the 
bulk  Si02  is  determined  to  4.7  x  10^®  cm~^  (800°C) 
and  7.7  x  10^^  cm“^  (950°C)  with  an  overall  error 
of  15%,  indicated  by  the  error  bars.  The  composed 
model  H(x)  distributions  for  the  poly-Si  samples 
are  shown  in  Fig.  6.  The  interfacial  hydrogen 
contents  are  again  determined  from  these  curves 
with  values  of  2.2  x  10^^  cm  (950°C)  and 
2.5xl0^^cm-^  (800°C)  at  the  Si02/Si  and 
1.4x10^^  and  1.3xl0^^cm^^  at  the  poly/Si02 
interface,  respectively. 


5.  Conclusions 

An  advanced  experimental  setup  is  available  to 
perform  accurate  hydrogen  depth  profiling  in  thin 
films.  The  measured  depth  profiles  have  to  undergo 
a  deconvolution  procedure  where  the  depth  resolu¬ 
tion  of  the  method  is  folded  with  a  model  hydrogen 
distribution  composed  under  the  assumption  of 
physically  useful  parameters.  Thus  the  true  hydro¬ 
gen  distribution  as  well  as  the  interfacial  hydrogen 
content  can  be  extracted  from  the  measured 
data,  providing  a  deeper  insight  at  the  important 
interface  regions.  Hydrogen  depth  profiles  in  MOS 


structures  with  Al  and  poly-Si  gates  have  been 
presented  to  show  the  usefulness  of  the  deconvolu¬ 
tion. 

The  authors  would  like  to  thank  Dr  R.  Schmidt, 
Dr  M.A.  Briere,  H.  Tillner,  A.  Deeg,  A.  Burmester, 
T.  Kowsky  and  Dr  J.  Grzanna  for  their  work  in 
developing  the  computer  code. 
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Abstract 

The  electrical  properties  of  Si/Si02  interfaces  grown  by  oxidation  of  a-Si :  H  films  are  studied  using  quasistatic  and 
high  frequency  capacitance-voltage  measurements.  The  results  obtained  point  out  that  the  presence  of  hydrogen  in  the 
ambient  and  in  the  oxidizing  film  leads  to  an  increase  in  the  density  of  the  interface  states.  This  effect  is  suggested  to  be 
similar  to  postoxidation  hydrogenation. 


1.  Introduction 

The  effect  of  hydrogen  on  the  properties  of  the 
Si/Si02  interface  has  been  widely  and  intensively 
studied  [1-10].  In  the  oxide,  hydrogen  reacts  with 
dangling  bonds  back  bonded  to  three  oxygen 
atoms  (E'  centers).  At  the  interface,  hydrogen  passi¬ 
vates  dangling  bonds  of  silicon  back  bonded  to 
three  silicon  atoms  (Pb  centers).  Usually,  hydrogen 
is  introduced  into  the  structures  at  relatively  low 
temperatures  (  <  500°C)  after  the  formation  of  the 
Si/Si02  interface  and  reacts  with  the  already  exist¬ 
ing  strained  bonds  and  point  defects.  In  this  work 
we  study  the  effect  of  hydrogen  on  the  electrical 
properties  of  the  Si/Si02  interface,  as  hydrogen¬ 
ation  proceeds  simultaneously  with  oxide  growth. 
The  Si/Si02  interface  can  receive  a  great  deal  of 
hydrogen  through  oxidation  in  wet  oxygen  or  in 
steam.  However,  in  this  case  the  extremely  high 
oxidation  rate  resulting  in  a  low  quality  interface 
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might  obscure  the  effect  of  the  simultaneous  high- 
temperature  hydrogenation.  Therefore,  we  have 
oxidized  hydrogenated  amorphous  silicon  (a-Si :  H) 
in  dry  oxygen,  assuming  that  the  hydrogen  in¬ 
volved  in  the  oxidation  process  is  either  from  the 
ambient,  to  which  it  has  outdiffused,  or  is  from  the 
rest  of  the  film. 


2.  Experimental 

a-Si:H  films  were  grown  by  the  plasma-en¬ 
hanced  chemical  vapour  deposition  technique  un¬ 
der  conventional  conditions  (13.56  MHz,  270°C, 
133  Pa,  48  mW/cm^)  and  contained  about  10% 
hydrogen.  N-type  silicon  wafers  with  (1  1  1)  orienta¬ 
tion  and  resistivity  of  6-9  Q  cm  were  used  as  sub¬ 
strates.  The  film  thickness  of  30-40  nm  was  chosen 
to  ensure  subsequent  complete  oxidation  of  the 
a-Si:H  and  penetration  of  the  Si/Si02  interface 
into  the  crystalline  silicon.  This  approach  was 
chosen  in  order  to  avoid  the  effect  of  the  different 
structural  matching  between  the  oxide  and  crystal¬ 
lized  a-Si :  H  films,  which  have  microcrystalline 
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Structure  [1 1].  The  oxide  thickness  was  in  the  range 
of  50-60  nm.  The  oxidation  was  carried  out  at 
1060°C  in  dry  oxygen  with  less  than  3  ppm  H2O 
content.  No  subsequent  high  temperature  annealing 
was  performed  in  order  to  keep  the  maximum 
amount  of  hydrogen  in  the  Si/Si02  structures.  Alu¬ 
minium  dot  electrodes  were  deposited  by  thermal 
evaporation.  After  metallization,  MOS  structures 
were  annealed  in  nitrogen  at  400''C  for  30  min.  The 
properties  of  MOS  structures  prepared  from  a-Si :  H 
films  (denoted  as  SIa  samples)  were  compared  with 
those  from  crystalline  silicon.  There  were  two  kinds 
of  reference  samples.  The  first  set,  called  hereafter  Sic 
samples,  was  prepared  by  oxidation  of  bare  substra¬ 
tes  in  the  same  run  with  the  a-Si :  H  covered  ones. 
The  other  set,  referred  to  as  etalon  samples,  Sig,  was 
obtained  by  oxidation  of  silicon  wafers  under  the 
same  conditions,  but  in  separate  runs. 

The  electrical  properties  of  MOS  structures  were 
evaluated  by  employing  high-frequency  (1  MHz) 
and  quasistatic  capacitance-voltage  (C~V)  measure¬ 
ments.  The  oxide  charge,  the  effective 

charge,  Q^(f,  were  calculated  from  the  midgap  and 
fiatband  voltages,  respectively.  The  interface  states 
were  characterized  by  their  density  at  the  midgap, 
and  the  quantity,  which  was  obtained  by 
integration  of  the  density  distribution  between  the 
midgap  and  the  Fermi  level  of  silicon. 


3.  Results  and  discussion 

Fig.  1  demonstrates  the  distribution  of  the  inter¬ 
face  states  for  a  representative  series  of  samples  SIa, 
Sic,  Sig.  As  is  seen,  the  curves  have  rather  similar 
shapes,  but  are  shifted  with  respect  to  each  other. 
The  same  trend  is  evident  in  Table  1,  which  sum¬ 
marizes  all  the  data  determined  from  the  C-V 
measurements.  The  values  presented  are  averaged 
over  more  than  10  wafers. 

The  values  of  Nn  and  are  much  greater  in  the 
SiA  samples  than  in  the  etalon  ones.  Furthermore, 
the  Sic  samples  also  differ  from  the  etalons.  In  this 
case,  ATjt  and  are  greater  than  in  the  Sin  sam¬ 
ples,  but  lower  than  in  the  Su  ones.  It  is  reasonable 
to  suggest  that  the  increased  density  of  interface 
states  in  both  SiA  and  Sic  samples  have  a  common 
origin  and  this  origin  is  the  increased  content  of 
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Fig.  1.  Distribution  of  the  density  of  interface  states  for  Si^  (O), 
Si^  (□)  and  Si^  (A)  samples. 


Table  1 

Electrical  properties  of  the  Si/Si02  interface  for  S^,  Sic  and  Sin 
samples 


SiA 

Sic 

Sin 

(2eff(cm 

8.6x10“ 

6.4  X  10“ 

6.7x10“ 

9.0  X  10“ 

6.6  X  10“ 

6.3x10“ 

TV.,  (cm -2) 

8.0  X  lO*" 

5.4  X  10'® 

4.3  X  10'® 

2.5x10“ 

2.1  X  10“ 

1.8x  10“ 

hydrogen.  Actually,  some  of  the  hydrogen  which 
outdiffused  from  the  a-Si :  H  films  should  penetrate 
into  the  oxidizing  samples.  Concerning  the  SiA 
samples,  the  hydrogen  remaining  in  the  film  should 
also  be  taken  into  account.  Thus,  one  can  consider 
SiA  and  Sic  samples  as  hydrogen-rich  compared  to 
the  etalon  ones.  Moreover,  SIa  samples  should  con¬ 
tain  more  hydrogen  than  Sic  samples. 

It  has  been  shown  that  the  passivation  and  the 
depassivation  processes  occur  simultaneously,  but 
the  former  is  more  favourable  and  dominates  at  all 
temperatures  leading  to  a  concentration  of  the 
Pb  centers  much  less  than  half  of  their  ‘intrinsic’ 
value  [3,4].  On  the  other  hand,  it  is  established 
that  exposure  of  the  Si/Si02  interface  to  atomic 
hydrogen  at  room  temperature  produces  Pb  centers 

[4]  and  increases  the  density  of  the  interface  states 

[5] .  Also  annealing  in  molecular  hydrogen  at  high 
temperatures  (500°C,  900°C)  creates  interface  states 
in  the  midgap  of  silicon  [6].  Thus,  the  depassiva¬ 
tion  becomes  apparent  when  the  structures  are  post¬ 
preparation  hydrogenated.  The  results  in  Fig.  1  and 
Table  1  indicate  that  the  increased  content 
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of  hydrogen  in  the  oxidizing  ambient  has  the  same 
effect  as  the  post-preparation  hydrogenation, 
as  the  depassivation  reactions  are  intensified  and 
have  a  greater  contribution  in  establishing  the 
number  of  the  interface  states  (Pt  centers). 

Once  it  is  assumed  that  both  and  Sic  samples 
are  hydrogen-rich,  it  is  expected  that  if  hydrogen 
affects  the  positive  oxide  charge,  it  would  cause 
similar  changes  in  the  values  of  Qeff  and  But 
unlike  the  SiA  samples,  where  an  essential  increase  in 
the  Qeff  and  is  observed  (Table  1)  Sic  samples 
have  values  of  oxide  charges  as  low  as  in  the  etalons. 

In  thermal  oxides  E'  centers  are  the  dominant 
deep  hole  traps  [7].  Recent  EPR  studies  have 
shown  that  hydrogen  reacts  with  E'  centers  [8,9]. 
Under  some  conditions  these  reactions  lead  to 
structural  changes  at  the  E'  center  and  creation  of 
different  hydrogen  coupled  complexes.  Both  posit¬ 
ively  charged  and  neutral  paramagnetic  hydrogen 
coupled  defects  have  been  reported  [8,9].  It  has 
been  suggested  that  the  reactions  between  hydro¬ 
gen  and  E'  centers  proceed  depending  on  the  oxide 
structure  [10].  Therefore,  there  might  be  two  alter¬ 
native  explanations  for  the  observed  discrepancy  in 
the  oxide  charges  -  (i)  during  oxide  growth  hydro¬ 
gen  reacts  with  E'  centers  in  different  ways  creating 
neutral  hydrogen  coupled  defects  in  Sic  samples 
and  positively  charged  ones  in  SiA  samples;  (ii)  there 
is  no  difference  in  the  behaviour  of  hydrogen  and 
the  significantly  higher  values  of  geff  and  g^g  in  SiA 
samples  are  entirely  due  to  the  more  defective  struc¬ 
ture  of  the  oxide  grown  from  a-Si :  H. 

4.  Conclusion 

The  study  of  the  electrical  properties  of  MOS  struc¬ 
tures  prepared  from  a-Si :  H  films  has  shown  that 


they  are  hydrogen-rich  irrespective  of  the  outdiffu- 
sion  of  hydrogen  during  the  high  temperature  oxi¬ 
dation.  Moreover,  the  oxidation  of  crystalline  sili¬ 
con  in  the  same  run  with  a-Si:H  covered  wafers 
provides  hydrogen-rich  MOS  structures,  as  well. 
The  results  obtained  point  out  that  the  introduc¬ 
tion  of  additional  hydrogen  during  the  oxidation 
has  the  same  effect,  as  the  post-oxidation  hydrogen- 
tation  and  results  in  an  increase  in  the  density  of  the 
interface  states. 

This  work  was  supported  by  the  National  Foun¬ 
dation  of  Scientific  Research  under  Contract  No. 
F-95  with  the  Bulgarian  Ministry  of  Science  and 
Education. 
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Abstract 

Interface  state  passivation  during  dc  biased  post  metallization  annealing  at  ~  350°C  was  studied  in  very  thin  oxide, 
~  31  A,  aluminum-tunnel  oxide-  <1 1  1>  p-type  silicon  structures.  Capacitance-voltage  and  tunnel  current-  voltage 
measurements  were  used  after  the  anneals  to  monitor  the  passivation  of  interface  states.  It  was  found  that  the  passivation 
process  of  interface  states  in  the  as-manufactured  devices  is  directly  dependent  on  the  surface  potential  but  not  on  the 
average  oxide  electric  field  or  the  tunnel  current.  A  negative  gate  voltage  increases  the  passivation  rate,  whereas  a  positive 
gate  voltage  decreases  it  as  compared  to  unbiased  annealing.  The  interface  states  resemble  Pb  centres,  which  are  dangling 
bonds  on  trivalently  bonded  Si  atoms  at  the  interface.  The  present  observations  are  found  to  agree  well  with  theoretical 
calculations  by  Edwards  (1991)  on  the  surface  potential  dependence  of  the  passivation  of  Pb  centers  by  H2.  It  is  possible 
to  find  an  optimum  time  and  voltage  for  annealing,  roughly  1000  s  and  —  1.2  V  in  our  case,  for  simultaneously 
minimizing  the  dc  tunnel  current,  flatband  voltage  shifts  and  the  density  of  fast  interface  states  in  these  diodes. 


1.  Introduction 

The  electrical,  physical  and  chemical  properties 
of  thin  dielectrics  based  on  silicon  dioxide  is  a  key 
research  field  for  the  successful  manufacture  of  fu¬ 
ture  ultra-small  electronic  devices  and  circuits  in 
silicon.  A  good  as-grown  oxide-silicon  interface 
can  be  made  to  show  an  extremely  low  defect  den¬ 
sity  through  the  use  of  various  anneal  schemes  [1]. 
Some  reasons  for  the  continuing  interest  in  the 
Si/Si02  interface  from  industrial  and  applied  sci¬ 
entific  viewpoints  are  that  thermal  treatments  at 
temperatures  above  500*^0  [2],  electrical  stress  or 
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electromagnetic  radiation  can  increase  the  defect 
density  to  high  levels. 

We  have  previously  investigated  several  aspects 
of  the  electrical  behavior  of  very  thin  oxides  in 
metal-tunnel  oxide-silicon  (MTOS)  diodes.  These 
aspects  include  random  two-level  fluctuations  [3], 
electron  trapping  and  noise  in  as-grown  oxides 
[4,5]  charging  effects  caused  by  electrical  stress 
[6-8]  and,  most  recently,  post-metallization  an¬ 
nealing  (PMA)  of  fast  interface  states  [9]  and  relax¬ 
ation  of  stress-induced  charges  [5,10]. 

The  present  experimental  work  shows  how  PMA 
under  an  applied  dc  bias  can  provide  new  informa¬ 
tion  on  the  passivation  mechanics  of  fast  interface 
states  by  relating  their  rate  of  passivation  to  the 
charge  state.  The  effects  of  biased  PMA  were  pre¬ 
dicted  by  Edwards  [11]  for  the  Pb  center  [12]  in 
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Fig.  1.  Capacitance-voltage  curves  measured  at  300  K  for  a  de¬ 
vice  subjected  to  unbiased  PM  As  at  350'C.  Curve  1;  fresh  device; 
2;  after  1000  s;  3:  after  3000  s;  4:  after  10000  s.  The  curve  marked 
‘Sim’  is  a  theoretically  generated  curve  assuming  no  defect 
charges. 


a  paper  concerning  the  hydrogen  passivation  reac¬ 
tions  at  the  <1  1  1>  Si-Si02  interface.  The  results 
on  the  interface  state  density,  in  our  devices  are 
in  qualitative  accordance  with  his  results.  Finally 
we  give  an  empirically  obtained  recipe  for  simulta¬ 
neously  minimizing  the  dc  tunnel  current  density,  J, 
the  density  of  fast  interface  states,  and  the 
initial  negative  flatband  voltage  shift  in  these 
diodes  under  a  biased  PMA. 


2.  Experimental 

The  devices  were  made  from  <1  1  1>  oriented, 
p-type  silicon  wafers  from  Wacker  Chemitronic 
GmbH  with  a  substrate  resistivity  of  about  10  Q  cm. 
Active  areas  were  formed  in  a  field  oxide  by  photo¬ 
lithography  and  wet  etching  in  buffered  oxide  etch. 
After  RCA  cleaning  the  tunnel  oxide  was  allowed 
to  grow  at  750"’C  in  dry  oxygen  to  a  thickness  of 
about  30  A.  On  top  of  this  oxide,  immediately  after 
oxidation,  a  5000  A  thick  aluminium  layer  was 
evaporated  from  a  heated  crucible.  The  devices 
were  not  subjected  to  an  initial  PMA.  Results  from 
experiments  on  samples  from  the  same  batch  have 
been  published  previously  [5,9]. 

The  biased  annealing  was  performed  in  a  hori¬ 
zontal,  tubular  quartz  furnace  with  a  gas  flow  of 


2  lmin“^  H2/Ar  through  the  furnace.  For  some 
experiments,  N2  was  used  instead  with  no  appreci¬ 
able  difference  noted.  The  sample  holder,  mounted 
onto  a  1  m  long,  2-hole  rod  of  AI2O3,  was  made  of 
aluminum  with  a  tip  of  molybdenum.  The  gate 
voltage  Fg  was  assigned  values  between  +  0.9  and 
—  2.0  V  to  allow  for  a  variation  of  the  surface 
potential  at  the  silicon-oxide  interface  during  the 
PMA.  Capacitance  -  voltage  (C-F)  curves  at  a  sig¬ 
nal  frequency  of  10  kHz  and  a  temperature  of 
300  K  were  taken  at  regular  intervals  during 
a  PMA  series.  Current  -  voltage  (/-F)  measure¬ 
ments  were  performed  following  some  C-F 
measurements.  A  typical  set  of  C-F  curves  from 
a  fresh  MTOS  structure  and  after  unbiased  PMAs 
is  shown  in  Fig.  1.  We  have  shown  [5,9]  previously 
that  the  fast  interface  states  in  these  devices  can 
contribute  directly  to  the  capacitance  at  10  kHz.  In 
the  present  case,  an  easy  and  straightforward  way 
to  obtain  the  distribution  is  therefore  to  com¬ 
pare  the  measured  C-F  curve  to  a  simulated  curve 
generated  without  considering  interface  states.  This 
is  in  close  analogy  with  the  well-known  quasistatic- 
theoretical  C-F  method  [1],  which  cannot  be  used 
here  as  the  quasistatic  measurement  is  hardly  pos¬ 
sible  to  implement  on  these  tunnel  devices.  The 
valid  region  of  this  method  spans  roughly  the  lower 
half  of  the  band  gap  in  the  p-type  case  for  tunnel 
oxides  with  thickness  less  than  ~  40  A.  In  Fig.  2, 
the  Dit  distributions  obtained  from  the  C-F  curves 
in  Fig.  1  after  unbiased  PMAs  at  350X  for 
0,  1000,  3000  and  10000  s  are  shown.  In  the  follow¬ 
ing  data  reduction,  the  values  used  are  the  peak 
values  obtained  from  such  plots  at  the  energy  level 
E  —  —  0.25  eV  above  the  silicon  valence  band. 

The  oxide  thickness  was  determined  [13]  to  be 
~  31  A  from  the  value  of  the  oxide  capacitance. 

We  have  previously  found  [5]  that  if  we  integrate 
the  charge  from  the  extracted  distribution  in  the 
lower  half  of  the  band  gap,  assuming  either  donor 
or  acceptor  states,  and  include  the  voltage  contri¬ 
bution  when  synthesizing  a  C-F  curve,  it  is  still  not 
possible  to  match  the  measured  curve  for  any  com¬ 
bination  of  donors  and  acceptors.  Instead,  we  ob¬ 
serve  that  an  additional  negative  voltage  shift 
AF(  —  0.4  Y  initially)  remains  in  the  measured 
curve.  During  the  course  of  a  PMA,  it  was  shown 
[9]  that  the  magnitude  of  this  shift  decreases 
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Fig.  2.  Extracted  interface  state  densities  versus  energy  above 
the  valence  band  edge  with  the  anneal  time  as  a  parameter.  The 
data  correspond  to  the  C-V  curves  in  Fig.  1  for  the  case  of 
unbiased  PM  A,  Fg  =  0.0  V.  Curve  1:  fresh  device;  2:  after  1000  s; 
3:  after  3000  s;  4:  after  10000  s. 

gradually  with  very  similar  dynamics  to  the  peak 
Dit  when  plotted  on  a  normalized  scale.  Here,  we 
briefly  address  the  issue  of  the  dependence  of  A  K  on 
bias  during  PMA.  A  more  thorough  description  of 
the  experiments  is  presented  elsewhere  [14]. 


3.  Results 

Comparing  the  biased  PMA  to  the  unbiased  case 
at  0  V,  in  the  simplest  qualitative  description,  the 
peak  Dit  decreased  more  quickly  if  a  negative  bias 
was  applied  and  more  slowly  if  the  bias  was  positive 
instead,  as  shown  in  Fig.  3.  In  this  figure,  at  the 


Fig.  3.  The  time  evolution  of  th  density  of  interface  states  for 
biased  PMA  with  the  gate  voltage  as  a  parameter.  The  data  in 
each  curve  are  normalized  to  the  initial  value  of  Du  for  the  fresh 
device. 


Table  1 

General  trends  in  the  time  evolution  of  the  density  of  interface 
states,  Du,  the  absolute  value  of  the  voltage  shift,  lAKj,  and  the 
tunnel  current  density,  J,  for  different  gate  voltages  during 
biased  PMA. 


PMA 

Dn 

|AK| 

J 

Time 

Short 

Long 

Time 
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Long 

Time 
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-2.0 
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1 

7* 

No 
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i 
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\ 

An  arrow  pointing  downwards  refers  to  a  decrement,  the  steeper 
the  slope  the  stronger  the  decrease,  and  vice  versa.  The  notations 
‘short’  and  ‘long’  refer  very  roughly  to  anneal  times  shorter  or 
longer  than  about  1000  s. 

energy  level  E  ~  ^  0.25  eV  is  plotted  versus  the 

anneal  time  with  the  applied  bias  as  a  parameter. 
The  data  are  normalized  to  the  initial  peak  value  in 
each  case,  so  the  data  on  the  ordinate  commence  at 
unity  at  t  =  0  s.  The  spread  in  the  data  at  a  given 
bias  from  device  to  device,  monitored  on  a  total  of 
six  devices,  was  roughly  a  factor  of  two.  This  is 
indicated  by  the  ‘error  bar’  in  the  figure  for  the 
PMA  at  Fg  =  0  V.  The  bias  dependence  of  the 
passivation  rate  is  most  pronounced  before  1000  s, 
a  period  which  was  difficult  for  us  to  monitor 
because  of  experimental  limitations.  However,  the 
effect  of  the  initial  bias  dependence  sets  its  clear 
mark  on  the  curves  at  longer  times;  the  level  con¬ 
tinues  to  be  lower  or  higher  as  compared  to  the 
unbiased  case  even  if  the  slopes  are  approximately 
the  same  on  this  scale.  At  Fg  =  +  0.9  V  and  at 
Fg  =  —  2.0  V,  saturation  effects  are  observed  as  the 
curves  coincide  with  the  curves  taken  at  +  0.5  and 
—  1.2  V,  respectively,  to  within  experimental  uncer¬ 
tainty.  An  overview  of  the  general  trends  in  the  time 
evolution  of  Du,  \AV\  and  J  for  different  gate  volt¬ 
ages  during  biased  PMA  is  shown  in  Table  1. 


4.  Discussion 

The  interface  states  in  the  present  diodes  can 
safely  be  considered  [14]  to  arise  from  defects 
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intrinsic  to  the  oxides/silicon  interface  and  not 
from,  for  instance,  metallic  penetration  from  the 
gate.  We  list  below  five  arguments  supporting  that 
the  relation  between  in  the  present  devices  and 
Pb  centers  is  very  close.  (l)The  value  of  at  the 
peak  maximum  is  about  5  times  larger  in  these 
<1  1  1>  oriented  samples  than  in  identically  treated 
samples  of  <100>  orientation,  in  coherence  with 
previous  reports  [15].  (2)  The  interface  states  in  the 
present  devices  respond  to  a  PMA  [9]  at 
250-350°C  in  qualitatively  much  the  same  way, 
although  slower,  as  do  Pb  centers  and  interface 
states  in  thicker  oxides  [16].  (3)  Using  electron 
paramagnetic  resonance  (EPR),  Poindexter  et  al. 
[15]  found  large  concentrations  of  Pb  centers  in 
aS“grown  50  A  oxides  on  <1  1  1>  faces.  The  integ¬ 
rated  defect  density  from  in  our  fresh  samples  is 
3.4  X  10^^  cm”^.  This  number  does  not  exceed  the 
maximum  possible  number  of  about  10^^  cm“^  Pb 
centers  on  the  <1  1  1>  face  [17].  (4)  The  energy 
positions  of  the  maxima  in  the  D,i  distributions  in 
Fig.  2  match  well  with  EPR  measurements  for  the 
Pb  center  +  /O  transition  level  of  F  —  Fvs  ~  0.3  e  V 
and  the  corresponding  D^-pcak  at  F  ~  F^^  ^ 
0.26  eV  obtained  from  C-V  data  [18].  (5)  We  have 
found  [5]  that  when  subjecting  a  fresh,  unannealed 
device  to  low-voltage  stress  a  reduction  of  positive 
charge  in  fast  interface  states  occurs,  i.e,  these  states 
in  the  lower  half  of  the  band  gap  are  most  probably 
donors,  as  is  the  Pb  center. 

Edwards  [11]  found  that  the  activation  energy 
for  the  reaction  of  direct  passivation  of  Pb  centers 
by  molecular  hydrogen,  H2  +  Pb  ^  H  -f  HPb,  is 
Fact  ”  E3  eV.  This  result  was  obtained  for  the  neu¬ 
tral  charge  state  of  the  defect.  Edwards  extended  his 
study  to  predict  that  H2  passivation  of  the  negative 
charge  state  of  Pb  centers  would  have  a  much 
slower  course  than  in  the  neutral  defect  case.  It 
would  be  characterized  by  roughly  twice  the  activa¬ 
tion  energy  of  the  neutral  case.  This  condition 
would  be  reached  if  Ff  ™  F^^  >  0.85  eV,  where  the 
Pb  0/  —  transition  occurs.  It  may  also  occur  that 
an  antibonding  state  of  the  Pb-H  center  becomes 
occupied  under  a  strong  positive  bias,  a  situation 
which  would  enhance  depassivation  of  the  defect. 
On  the  other  hand,  for  negative  biases  such  that  the 
-h  /O  transition  level  is  above  the  Fermi  level,  the 
H2  passivation  can  be  enhanced  as  compared  to  the 


unbiased  case.  Our  results  are  qualitatively  consistent 
with  these  predictions,  also  when  considering  the 
effects  of  the  temperature  and  the  interface  charge 
variations  on  the  surface  potential  during  PMA  [14]. 

There  seems  to  be  no  direct  dependence  of  the 
passivation  rate  on  the  oxide  field  per  se.  This  can 
be  inferred  from  the  fact  that  the  curve  in  Fig.  3 
for  Fg  =  —  1.2Y  falls  very  close  to  the  one  for 
Fg  =  —  2.0  V  (as  do  the  curves  for  Fg  =  +  0.5  V 
and  Fg  =  +  0.9  V  to  each  other).  From  simula¬ 
tions  we  find  that  the  magnitudes  of  the  initial 
average  oxide  fields  in  these  respective  cases  differ 
roughly  by  a  factor  of  two.  The  bias  saturation 
effect  seems  to  counter-indicate  both  the  appear¬ 
ance  of  a  charged  passivation  series  as  well  as  any 
dependence  of  the  passivation  on  the  surface  con¬ 
centration  of  mobile  carriers.  The  current  can  also 
be  ruled  out  as  a  controlling  factor  of  the  passiva¬ 
tion;  the  current  at  350''C  was  at  least  10  times 
larger  at  —  2  V  than  at  —  1.2  V.  The  surface  po¬ 
tential  is  thus  the  strongest  alternative  as  the  con¬ 
trolling  factor  behind  the  voltage  dependence. 


5.  Conclusions 

It  is  concluded  that  in  aluminum  gate  <1  1  1>  p- 
type  MTOS  structures,  the  passivation  rate  of  in¬ 
terface  states  for  biased  PMA  increases  with  respect 
to  the  unbiased  case  when  annealing  is  performed 
under  the  influence  of  a  negative  Fg,  but  it  de¬ 
creases  if  the  bias  is  positive.  The  bias  dependence 
agrees  well  with  calculations  by  Edwards  [11]  for 
the  case  in  which  the  passivation  of  Pb  centers 
occurs  directly  by  a  reaction  with  molecular  hydro¬ 
gen.  The  present  work  also  shows  that  the  passiva¬ 
tion  processes  is  neither  field-  nor  current-control¬ 
led.  The  beneficial  effect  of  a  negatively  biased 
PMA  makes  it  possible  to  find  an  optimum  voltage, 
Fg  =  —  1.2  V  in  our  case,  to  simultaneously  mini¬ 
mize  J  as  well  as  AF  and  in  these  diodes.  The 
optimum  duration  of  this  treatment  was  found  to 
be  ~  1000  s  at  350°C. 

This  work  was  sponsored  by  a  grant  from  Tek- 
nikvetenskapliga  Forskningsradet  (TFR).  Thanks 
are  due  to  Professor  Olof  Engstrom  and  Dr  Ken¬ 
neth  R.  Farmer  for  valuable  discussions. 
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Abstract 

Amorphous  Si  nitride  («-SiN;c-H)  films  were  deposited  at  300"C  by  plasma-enhanced  chemical  vapor  deposition.  It  is 
demonstrated  that  a  charge-transfer  model  combined  with  a  modified  random-bonding  model  describes  well  the  changes 
of  the  bonding  properties  as  a  function  of  x.  The  oscillator  strength  of  the  SiH  absorption  is  determined,  and  shifts  of  the 
SiH  peak  and  the  core  level  spectra  are  systematically  explained.  As  three  or  more  N  atoms  are  bonded  to  a  Si  atom,  it  is 
suggested  that  NH  bonds  are  favorably  formed  in  the  films,  and  that  the  Urbach  tail  slope  increases  through  enhanced 
bond  distortion.  The  stress  and  buffered  HF  etch  rate  for  films  with  a  near-stoichiometric  composition  were  also 
investigated  as  functions  of  rf  power  and  hydrogen  dilution  ratio. 


1.  Introduction 

Amorphous  SiN^.iH  (a-SiN^:H)  films  deposited 
by  plasma-enhanced  chemical  vapor  deposition 
(PECVD)  have  attracted  increased  interest  with 
respect  to  wide  applications  in  silicon-device  tech¬ 
nology,  such  as  a  gate  insulator  in  thin-film  transis¬ 
tors  (TFTs)  and  as  passivation  layers.  The  PECVD 
a-SiN^:E[  films  can  be  formed  at  deposition  temp¬ 
erature  Td  as  low  as  300°C,  but  they  contain  a  large 
amount  of  hydrogen,  forming  SiH  and  NH  bonds. 
Also,  incorporated  N  atoms  are  bonded  to  three  Si 
atoms  for  a  relatively  low  N  content,  x,  range,  and 
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for  the  present  films  N  atoms  with  two  Si  and  one 
H  nearest  neighbors  occur  at  higher  x  [1].  Further¬ 
more,  the  formation  of  Si  and  N  dangling  bonds 
which  act  as  charge-trap  states  strongly  depends  on 
the  constraints  imposed  by  the  bonding  network 
[2-6].  Thus,  since  the  bonding  structures  affect  the 
device  performance  in  a  complex  way,  an  under¬ 
standing  of  the  structural  and  bonding  properties  is 
necessary.  In  the  present  work,  the  structural  and 
bonding  properties  for  PECVD  a-SiN;c-H  films  are 
investigated  by  means  of  X-ray-induced  protoelec¬ 
tron  spectroscopy  (XPS),  infrared  (IR)  vibrational 
absorption,  and  electron  spin  resonance  (ESR).  Ap¬ 
plicability  of  a  charge-transfer  model  (CTM)  com¬ 
bined  with  a  modified  random-bonding  (MRB) 
model  to  the  analyses  of  these  bonding  properties 
are  examined.  Results  of  the  stress  measurements 
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and  the  buffered  HF  etch  rate  are  also  examined  in 
connection  with  these  bonding  properties. 


2.  Experimental 

The  samples  were  deposited  on  single  crystal  Si 
and  fused  quartz  substrates  at  300°C,  by  rf  glow- 
discharge  decomposition  of  a  SiH4-NH3-H2  mix¬ 
ture.  The  gas  volume  ratios  of  both  [NH3]/[SiH4] 
(  =  R^)  and  [H2]/[SiH4]  (  =  Ryi)  were  varied  from 
0  to  30.  The  rf  power  supplied  to  the  glow  discharge 
was  varied  between  0  and  30  W,  and  the  gas  pres¬ 
sure  was  fixed  at  0.3  Torr.  The  N  content  x  in  SiN^ 
varied  from  0  to  1.6,  and  was  measured  by  means 
of  electron  probe  microanalysis  (EPMA).  The 
X  values  were  also  estimated  from  the  intensities  of 
N  Is  and  Si  2p  XPS  spectra. 


3.  Models 

3.1.  Modified  random-bonding  (MRB)  model 

According  to  the  random  bonding  model  (RBM) 
first  put  forward  by  Philipp  [7],  a-SiN^^  films  can  be 
represented  as  a  statistically  controlled  mixture  of 
five  Si(Si4_„N„)  bonding  configurations,  occurring 
with  a  probability /„(x')  (n  =  0, . . . ,  4)  for  generating 
each  configuration  for  a  given  x'.  The  n  in  /„(x') 
defines  the  number  of  N  atoms  bonded  to  a  Si 
atom,  and  the  parameter  x'  is  the  atomic  ratio 
[N]/[Si]  expected  in  the  absence  of  H  atoms.  In 
a-SiN^:H  films  including  hydrogen,  the  SiH  bonds 


will  be  introduced  by  replacing  one  Si  nearest 
neighbor  at  the  Si  site  in  Si(Si4_„N„)  by  a  H  atom, 
and  the  Si-NH  bonds  are  formed  in  an  analogous 
manner.  Using  the  MRB  model,  the  identification 
of  local  bonding  units  in  a-SiN^:H  films  can  then 
be  performed  by  fitting  the  calculated  density  of 
SiH  and  NH  bonds  to  the  observed  ones,  as  shown 
in  Section  4.2.  The  results  are  summarized  in  Table 
1.  In  Table  1,  the  bonding  units  denote  minimum 
clusters  displaying  a  ‘basic’  configuration.  This 
means  that  the  bonding  structure  around  a  Si  atom 
has  the  neighbors  represented  by  the  basic  config¬ 
uration  for  a  given  n  value,  under  an  assumption 
that  the  film  is  composed  of  a  single  type  of  a  bond¬ 
ing  unit  corresponding  to  this  configuration.  On 
the  basis  of  the  MRB  model,  the  bonding  proper¬ 
ties  of  the  a-SiN^:H  films  can  then  be  derived  from 
the  characteristics  of  the  individual  bonding  units 
shown  in  Table  1  [1,8,9]. 

3.2.  Charge-transfer  model  {CTM) 

In  the  MRB  model,  it  has  been  assumed  that  the 
observed  property  will  show  a  statistical  average 
over  the  different  n  values  based  on  the  properties 
expected  for  a  uniform  film  composed  of  the  bond¬ 
ing  units  for  a  given  n  value  as  described  in  Section 
3.1.  In  practice  the  presence  of  different  types  of 
bonding  units  surrounding  a  given  bonding  unit 
will  affect  the  characteristics  of  that  bonding  unit. 
For  measurements  of  the  averaged  properties,  how¬ 
ever,  these  effects  will  be  reduced  through  the  stat¬ 
istical  averaging  process.  For  films  composed  of 
a  single  type  of  bonding  unit,  the  charge-neutrality 


Table  1 

Modified  random-bonding  model  for  a-SiN^:H. /„(x')  is  a  generation  probability,  in  which  p  is  0.75.  The  bonding  unit  denotes 
a  minimum  cluster  originating  in  the  basic  configuration.  Ap(n)  is  the  occupying  probability  of  the  bonding  units  with  hydrogen,  in  the 
film 


SiN^  SiN^:H 


n 

fn(x'} 

Basic 

configuration 

Bonding 

unit 

Basic 

configuration 

Bonding 

unit 

Ap(n) 

0 

(i-pxr 

Si(Si4) 

Si 

H-Si(Si3) 

SiH 

0.08 

1 

4(px')(l  -pxf 

Si(Si3N) 

SisN 

H-Si(Si2N) 

(SiH)3N 

0.28 

2 

6(p.xf  (1  -  pxf 

SKSi^N^) 

Si3N2 

H-Si(SiN2) 

(SiH)3N2 

0.25 

3 

4(px'f(l  -px') 

Si(SiN3) 

SiN 

HN-Si(SiN2) 

Si6N4(NH)3 

1.0 

4 

(pxr 

Si(N4) 

Si3N4 

(HN)2-Si(N2) 

Si3N2(NH)3 

1.0 
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Table  2 


Partial  charge  f3M(«)(M 
on  a  N  atom  in  N(Si3) 

=  Si,  N,  and  H)  in  each  bonding  unit  shown  in  Tabic  I. 
and  Si-NH~Si  bonds,  respectively 

The  values  of  c>na(^)  (>nb 

(n)  denote  the  partial  charge 

n 

SiN, 

SiN,:H 

Bonding 

unit 

^n(«) 

Bonding 

unit 

kx(n) 

(5„(n) 

0 

Si 

0 

SiH 

0.096 

-  0.096 

1 

Si3N 

0.099 

-  0.296 

{SiH)3N 

0.142 

-  0.262 

-  0.055 

2 

Si3N2 

0.163 

-  0.245 

{SiH)3N2 

0.178 

-  0.233 

-  0.022 

3 

SiN 

0.209 

-  0.209 

Si6N4(NH)3 

0.199 

-0.216 

-0.061 

-  0.048 

4 

Si3N4 

0.243 

-0.182 

Si3N2(NH)3 

0.222 

-0.198 

-  0.050 

-  0.040 

3 

(SiH)N 

0.207 

-0.210 

+  0.004 

conditions  apply  within  that  bonding  unit.  Using 
Sanderson’s  bonding  model  [10],  the  partial  charge 
on  the  constituent  M(  =  Si,  N,  or  H)  atom  in  the 
bonding  unit  (SijtN^,H„)  can  be  estimated  by 

6u  =  {S^v-Su)l(2mSli\  (1) 

where 

=  (2) 

Here,  Ssi,  Sn,  and  Sr,  respectively,  are  the  elec¬ 
tronegativities  of  Si,  N,  and  H  atoms  as  defined 
by  Sanderson  [10]:  Ssi  —  2.84,  =  4.49,  and 

Su  =  3.55.  The  value  of  Sbu  is  the  effective  electro¬ 
negativity  of  the  bonding  unit.  The  charge  neutral¬ 
ity  implies  kS^i  f  mS^  +  nSi^  ~  0.  Moreover,  addi¬ 
tional  effective-charge  on  an  M  atom  is  given  by 
4(5m  [8].  Details  of  this  estimation  procedure  for  Sm 
have  been  presented  in  previous  papers  [8,  9],  and 
the  resulting  estimated  values  of  are  summarized 
in  Table  2.  In  this  table,  the  results  for  a  H-Si(N3) 
bonding  configuration  (the  corresponding  bonding 
unit  is  (SiH)N)  are  also  shown  for  comparison. 


4.  Results 

4.1.  Shifts  of  XPS  spectra 

The  net  effect  of  charge  transfer  among  the  con¬ 
stituent  atoms  in  a-SiN^  can  be  correlated  with  the 
chemical  shifts  of  the  Si  2p  core  level  spectra.  This 
shifts  relative  to  that  for  crystalline  Si  is  dominated 
by  changes  of  the  partial  charge  on  Si  atoms  in 


a-SiN,^-.  Using  the  MRB  and  CTM  models  (Tables 
I  and  2),  the  averaged  partial  charge  Ssi(x)  on  a  Si 
atom  can  be  estimated  by 


«  =  0  I  ri  =  0 


From  conditions  of  the  charge  neutrality  in  the 
film,  (5n(x)  on  a  N  atom  is  given  by  —  ^si(2t)/x.  The 
presence  of  incorporated  H  atoms  will  in  principle 
affect  the  value  of  (5m(x).  However,  as  shown  in 
Section  4.2.,  the  H  density  is  below  20  at.%  for  the 
films  having  values  of  x  smaller  than  0.5,  while  for 
higher  values  of  x  (or  a  larger  n  value)  the  difference 
between  the  (5m(^^)  values  for  bonding  configura¬ 
tions  with  and  without  H  atoms  is  rather  small  as 
shown  in  Table  2. 

The  observed  Si  2p  XPS  spectra  exhibit  an  asym¬ 
metric  line  shape  which  depends  on  values  of  x. 
This  asymmetric  shape  is  because  the  film  is  com¬ 
posed  of  various  bonding  units  in  which  the  num¬ 
ber  of  N  atoms  bonded  to  the  Si  atom  in  their 
respective  bonding  units  is  different  from  each 
other.  The  effective  peak  binding  energies  [FelSi 
2p)],  defined  as  the  center  of  gravity  of  the  spectra, 
can  then  be  correlated  with  the  value  of  Eff- 

(3)  which  corresponds  to  the  partial  charge  value 
on  a  Si  atom  with  the  averaged  number  of  N  atom 
neighbors  for  a  given  value  of  x,  based  on  the  MRB 
model.  Fig.  1  shows  E^iSi  2p)  as  a  function  of  ^si(^) 
for  a-SiN;c  films  in  the  published  works  [8].  The 
results  for  stoichiometric  compounds,  SiC,  Si3N4, 
and  Si02,  are  also  shown  for  comparison.  With  the 
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exception  of  the  results  for  a-SiN^  films  with  a  near- 
stoichiometric  composition,  the  E^iSi  2p)  values  for 
all  kinds  of  samples  are  found  to  fit  well  to  an 
expected  straight  line  with  the  relation  of 

£B(Si  2p)  =  10.2  Ssiix)  +  99.3.  (4) 

A  relationship  similar  to  Eq.  (4)  has  been  presented 
by  Lucovsky  [1 1].  The  values  of  E^(N  Is)  have  also 
been  found  to  vary  as  a  linear  function  of  W  [8]. 
In  Fig.  1,  the  deviation  of  the  data  for  a-SiN^  from 
the  straight  line  is  probably  due  to  a  charging  effect 
during  the  XPS  measurement;  this  can  be  a  serious 
problem  for  thicker  a-SiN^c  fili^s  with  a  high  x. 

4.2.  Intensity  of  SiH  absorption  from  IR 
measurements 

The  density  [SiH]  of  SiH  bonds  is  estimated 
from  the  intensity  Ism  of  SiH  stretching  absorption, 
as  [SiH]  =  where  Asm  is  given  by  [12] 

>4siH  =cnr^0)/{2n^e*^) 

=  1.989  X  10’ (cm”^).  (5) 

^siH  is  a  proportionality  coefficient,  c  the  speed  of 
light,  the  refractive  index,  p  the  reduced  mass, 
and  e*  the  effective  charge  of  the  Si-H  dipole.  Units 
of  CO  and  e*  are  cm“^  and  the  electron  charge, 
respectively. 


Fig.  1.  Effective  peak  binding  energy  EefSi  2p)  as  a  function  of 
the  averaged  partial  charge  4i(x)  for  a-SiN^,  films  in  the  pub¬ 
lished  works  (see  Ref.  [8]).  The  experimental  data  for  SiC, 
Si3N4,  and  Si02  are  also  shown.  The  line  is  drawn  as  a  guide  for 
the  eye 


In  a  previous  paper  [9],  it  has  been  suggested 
that  the  e*  value  in  Eq.  (5)  can  be  estimated  from 
the  partial  charges  on  the  Si  and  H  atoms  as  in 

=  2(^si  —  ^h)-  From  the  experimental  values  of 
CO  for  monohydride  in  a-SiN^c  [1^]  and  the  calculated 
e*  values,  we  estimate  coje^'^  =  (1.35  ±  0.01)  x  10"^. 
We  then  obtain  the  following  expression  for  ^sih- 

v4siH  =  2.68  X  10^ (cm"^).  (6) 

For  a-Si:H  films  with  =  3.5,  we  obtain  a  value 
for  /lsiH(2000  cm“^)  =  9.4x  10^^  cm" which  is  in 
excellent  agreement  with  the  experimental  value 
(9.0  X  10^^  cm"^)  [14]. 

The  profiles  of  the  SiH  absorption  can  be  decom¬ 
posed  into  two  Gaussian  components  at  around 
2000  and  2100-2200  cm” ^  [15].  For  u-Si:H  films 
without  nitrogen,  only  2000  cm  band  is  ob¬ 
served.  Furthermore,  since  a  signal  from  dihydride 
groups,  SiH2,  was  not  found  for  x  less  than  0.4, 
through  a  simulation  analysis  [15],  the  presence  of 
dihydride  was  ignored  for  the  absorption  analyses 
in  the  present  work.  Fig.  2(a)  shows  the  ratio 


Fig.  2.  (a)  Ratios  [SiH]/[Si]  for  the  2000  (circles)  and 
2100-2200  cm"  ^  (triangles)  bands;  and  (b)  the  ratio  [SiH]/[Si] 
(circles)  for  the  sum  of  both  bands  in  (a)  and  the  ratio 
CNH]/[Si]  (triangles),  as  a  function  of  the  observed  x.  The  solid 
curves  as  a  function  of  Xc  are  calculated  using  the  MRB  model. 
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[SiH]/[Si]  of  the  density  of  SiH  bonds  to  that  of  Si 
atoms  for  the  2000  and  2100-2200  cm“  ^  bands,  as 
a  function  of  x.  Fig.  2(b)  shows  the  density  ratio  for 
the  sum  of  both  SiH  bands  and  the  [NH]/[Si] 
ratio.  On  the  basis  of  the  MRB  model,  the 
[SiH]/[Si]  and  [NH]/[Si]  ratios  can  be  calculated 
as  a  function  of  x'  [1],  using/, (-^')  for  each  bonding 


unit  shown  in  Table  1,  as  given  by 

[SiH]/[Si]  =  Ap(0)xo(SiH)/o(x') 

2 

+  z  -’c«(SiH)/„(x'), 

«  -  1 

(7) 

[NH]/[Si]  =  Z^,(«)x„(NH)/„(x'). 

n=3 

(8) 

Here  Ap(n)  values  are  the  occupying  probabilities  of 
the  bonding  units  with  hydrogen  (see  Table  1). 
x„(SiH)  and  x„(NH)  are  the  [SiH]/[Si]  and 
[NH]/[Si]  ratios  within  the  bonding  unit,  respec¬ 
tively.  In  Si  nitride  films  including  NH  bonds,  we 
note  that  the  expected  ratio  [N]/[Si]  (  =  xj  is 
different  from  the  value  of  x'  used  as  a  parameter  in 
fn(x').  The  expected  ratio  x^  can  be  estimated  as 
a  function  of  x',  using  the/„(x')  and  Ap{n)  values  and 
the  atomic  ratio  [N]/[Si]  within  the  particular 
bonding  unit  [1].  The  observed  [SiH]/[Si]  and 
[NH]/[Si]  ratios  can  then  be  compared  with  the 
calculated  ones  by  converting  those  to  a  function  of 
Xc-  The  results  are  represented  by  the  solid  curves 
in  Fig.  2,  and  the  values  of  Ap{n),  determined 
through  the  fitting,  are  shown  in  Table  1.  Excellent 
agreement  between  the  calculated  curve  and  the 
experimental  results  is  found,  providing  the  ap¬ 
plicability  of  the  MRB  model  to  determination  of 
the  bonding  structure. 

4.3.  Frequency  of  SiH  absorption 

For  the  SiH  stretching  absorption,  it  has  been 
found  that  a  scaling  law  exists  between  the  fre¬ 
quency  VsiH  and  interatomic  distance  dsm  of  Si-H 
bonds,  as  given  by  [16,17] 

'^siH(<^siH)^  =  7074  (  =  Co).  (9) 

o 

Units  of  VsiH  and  dsm  are  cm" ^  and  A,  respectively. 
Lucovsky  [17]  has  found  that  the  SiH  frequency 
for  various  compounds  is  proportional  to  the  value 


of  the  electronegativity  sum  (ENS)  of  the  constitu¬ 
ent  atomic  species  bonded  to  the  SiH.  This  is  be¬ 
cause  the  ENS  value  reflects  changes  in  the  partial 
charges  of  the  atomic  constituents.  This  model, 
however,  does  not  include  the  condition  of  charge 
neutrality  in  the  bonding  systems  under  considera¬ 
tion.  Furthermore,  the  SiH,  SiH2,  and  SiH3  peaks 
as  a  function  of  the  ENS  values  are  represented  by 
different  formulas  [17],  and  are  independent  of 
each  other. 

In  a  previous  paper  [9],  using  Sanderson’s  model 

[10] ,  estimates  of  dsm  were  made  by  summing  the 
covalent  radii  of  Si  and  H  atoms,  which  are  cal¬ 
culated  as  a  linear  function  of  ^si  and  respective¬ 
ly.  However,  the  increased  number  of  unknown 
parameters  for  determining  dsm  limited  any  system¬ 
atic  analyses  of  the  SiH  vibrational  properties  for 
the  various  Si  substituents.  Furthermore,  since  the 
partial  charge  is  delocalized,  the  d^iu  value  may  be 
dominated  by  the  additional  charge,  5si  T 

(  =  (5+),  on  the  SiH  bond  rather  than  the  partial 
charge  on  individual  atoms.  In  this  case,  an  in¬ 
crease  in  positive  charge  on  the  SiH  bond  should 
lead  to  a  reduction  in  dsm-  The  dsm  value  may 
therefore  be  better  approximated  by 

^siH  do  —  k^d+  .  (10) 

The  relationship  given  by  Eq.  (10)  is  similar  to  the 
result  that  dsm  values  are  proportional  to  the  ENS 
values  [18].  Substituting  Eq.  (10)  for  d^iu  in  Eq.  (9), 
Eq.  (11)  can  be  approximated  provided  that  the 
value  of  do  is  sufficiently  larger  than  +  ,  as 

In  v’sjH  =  InCo  —  3  In  tio  T  {3kJdo)b  + .  (11) 

Fig.  3(a)  shows  the  observed  values  of  VgiH 
[16,17]  as  a  function  of  3+  for  various  substituted 
silane  molecules  [H-Si(H3_„M„),  (M  =  H,  Br,  Cl, 
or  F)].  Further,  Fig.  3(b)  shows  as  a  function  of 
(5+  for  H-Si(Si3^,M„)  (M  =  H,  N  or  O)  bonding 
configurations  in  different  solid  compounds.  The 
data  in  this  figure  were  cited  from  the  results  in 
Refs.  [13,16,17].  The  values  of  ^si  and  <5h  were 
calculated  for  the  corresponding  bonding  units  in 
which  the  charge-neutrality  conditions  can  be  satis¬ 
fied  (see  Sections  3.1.  and  3.2.).  The  relation  of  Eq. 

(11)  would  also  be  applicable  to  the  analyses  of 

as  a  function  of  x  for  a-SiN^:H  films,  using  the 
averaged  values  of  (n)  for  each  bonding  unit  in 
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Fig.  3.  (a)  VsiH  for  various  substituted  silane  molecules  [H-Si(H3_„M„),  (M  =  H,  Br,  Cl,  or  F)],  and  (b)  for  H-Si(Si3_„M„)  (M  =  H, 
N  or  O)  bonding  configurations  in  SiH-related  solid  compounds,  as  a  function  of  ^si  +  (  =  ^+)  estimated  using  Eq.  (1).  The  lines  are 

drawn  as  a  guide  for  the  eye. 


Table  1,  as  follows: 

6^(x')=  j^5^{n)A,{ri)f„(x')lY.A,{n)Ux').  (12) 

n  =  0  n  =  0 

The  S+{x')  values  must  further  be  converted  into 
(5+{Xc),  using  the  relation  between  x'  and  Xc  as 
described  in  Section  4.2.  Fig.  4  shows  VsiH  as  a  func¬ 
tion  of  ^  +  (Xc)  for  a-SiN;c-H  films.  The  line  in  the 
figure  is  the  same  as  that  for  H-Si(Si3_„N„)  shown 
in  Fig.  3(b).  Thus,  the  dependence  of  VsiH  vs.  x  can 
be  interpreted  in  terms  of  a  change  in  ^  + . 

4. 4.  Urbach  tail 

In  a-Si  films,  the  optical  absorption  in  the  range 
of  the  absorption  coefficient  a  smaller  than 
iC^cm”^  exhibits  the  characteristic  Urbach  form, 
corresponding  to  transition  from  exponential  val¬ 
ence-band  tail  to  conduction-band  states.  The 
shape  of  the  tail  distribution  may  be  approximated 
by 

Nj[E)  =  N^oexpE  -{E-  E^oVEol  (13) 

Here,  the  zero  of  energy  is  defined  at  the  valence- 
band  mobility  edge,  and  the  tail  states  start  at  • 
Nwo  is  the  density  of  the  states  at  Fwo-  Fig-  5  shows 
the  slope  Eq  of  the  Urbach  tail  and  the  density  of 
Si  dangling  bonds  (Si  DB)  as  a  function  of  x  for 
a-SiNf.H  films.  The  tail  states  should  be  related  to 
bond  distortion  which  is  caused  by  bond-length 


Fig.  4.  VsiH  as  a  function  of  ^  +  (Xc)  for  a-SiN^ :  H  films.  The  line  in 
the  figure  is  the  same  as  that  for  the  H-Si(Si3-„N„)  configura¬ 
tion  shown  in  Fig.  3(b). 

and  bond-angle  fluctuations.  In  addition,  they  may 
also  be  associated  with  the  band-gap  fluctuations 
due  to  compositional  and/or  structural  in¬ 
homogeneity  [19].  Smith  and  Wagner  [20]  and 
Stutzmann  [21]  assumed  that  the  tail  states  consist 
of  Si-Si  weak  bonds,  and  suggested  that  the  weak 
bonds  closer  to  midgap  will  convert  into  Si  DBs.  In 
a  previous  paper  [2],  we  also  showed  that  changes 
of  the  Eq  and  the  band  gap  in  a-SiN^:H  films 
describe  well  the  dependence  of  on  x.  Moreover, 
we  recently  found  that  an  increase  in  the  density  of 
trivalent  Si  atoms  having  three  Si  back  bonds  (D 
center)  as  a  function  of  x  in  a-SiOf.H  films  corres¬ 
ponds  well  with  the  increased  Eq  values  [22]. 

Although  origins  of  the  tail  states  is  unclear  as 
stated  above,  the  bond  distortion  should  act  to 
increase  both  Eq  and  Si  DB  density  in  the  same 
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OBSERVED  X  or  Xc 

Fig.  5.  (a)  Slope  Eq  of  the  Urbach  tail  and  (b)  the  ESR  spin 
density  as  a  function  of  .x  for  a-SiN^^iH  films.  In  (a),  the  solid 
curve  as  a  function  of  .x^  is  calculated  using  the  MRB  model.  The 
broken  curve  in  (b)  is  drawn  as  a  guide  for  the  eye. 

way.  Since  the  flexibility  of  bonding  will  be  reduced 
as  a  coordination  number  averaged  over  all  con¬ 
stituent  atoms  in  films  increases,  it  is  expected  that 
the  presence  of  Si-Si  bonds  in  films,  compared  with 
SiN,  SiH,  and  NH  bonds,  will  enhance  the  bond 
distortion.  Accordingly,  if  a  specific  part  of  Si-Si 
bonds  is  connected  with  the  bond  distortion,  its 
density,  can  be  estimated  using  the  MRB 
model  as  [2] 

Nu/^si  =  i  [1  -  A,{nW(n)[{4  -  «)/2]/„(x') 

+  z  Ap{n)y{n)  [(3  -  n)/2]f„(x') 

n  =  0 

+  X,(3)7(3)(1/2)/3(x').  (14) 

Here  y{n)  and  y(n)  are  the  ratios  of  Nu  to  the  total 
density  of  Si-Si  bonds  in  each  bonding  unit,  and 
Nsi  is  the  density  of  Si  atoms  in  the  film.  The  values 
of  Ap{n)  are  determined  from  the  results  of  IR 
measurements  (Section  4.2.  and  Table  1).  If  is 
proportional  to  the  total  density  over  the  Urbach 
tail,  through  the  bond  distortion  as  stated  above, 
the  Nu  value  can  be  linked  to  Eq  by  integrating 
Nj{E)  in  Eq.  (13)  over  E  higher  than  as  Eq 
iV^o  =  ^u^u-  Au  is  a  proportionality  coefficient. 


The  values  of  Eq  can  then  be  estimated  from  Eq. 
(14),  by  selecting  the  proper  A^yin)  and  Auy(n) 
values.  The  result  of  the  fitting  is  shown  by  the  solid 
curve  in  Fig.  5(a).  Through  the  fitting,  we  found 
^uy(3)  =  2.1  X  10“^,  and  4x10““^  for  the  other 
AuYin)  and  A^yin),  within  an  error  of  10%.  We 
also  assumed  the  value  of  N^q  ^  10^^  cm“^. 

4.5.  Stress 

As  X  increases,  the  experimentally  determined 
stress  changes  from  compressive  to  tensile  stress 
[23].  The  tensile  stress  in  the  high  x  range  increases 
with  X,  and  then  saturates  it  for  x  larger  than  1.2.  In 
a  previous  work  [23],  it  has  been  shown  that  the 
tensile  stress  measured  over  the  range  of  x  above 
1.0  is  caused  by  intrinsic  stress  rather  than  stress 
due  to  thermal  expansion  mismatch.  This  intrinsic 
stress  may  be  caused  by  reconstruction  of  the  net¬ 
work  at  the  growth  surface  during  film  deposition 
[23,24].  The  increased  intrinsic  stress  with  increas¬ 
ing  X  may  be  related  to  an  increase  in  Eq  through 
favored  bond  distortion  as  described  in  Section.  4.4. 
Moreover,  the  high  density  of  NH  bonds  for  high 
X  shown  in  Fig.  2(b)  may  be  incorporated  for  relax¬ 
ing  the  stress. 

In  nitride  films  having  x  greater  than  1.2,  the 
bonding  properties  do  not  appreciably  change  by 
varying  the  supplied  rf  power  values.  The  stress 
values  and  buffered  HF  (BHF)  etch  rate,  however, 
strongly  depends  on  the  rf  power.  The  stress  was 
also  strongly  dependent  on  the  H  dilution  ratio 
in  the  feed  gas  [24].  Fig.  6  shows  the  stress  as 
a  function  of  rf  power  for  films  with  Rh  values  of 
0  and  30.  The  positive  values  denote  tensile  stress. 
These  films  have  values  of  x  greater  than  1.2,  except 
for  an  rf  power  of  5  W.  Under  conditions  of  Rh  =  0. 
the  tensile  stress  values  are  independent  of  rf  power. 
On  the  other  hand,  for  films  with  Rh  =  30,  the 
stress  changes  to  weak  compressive  stress  with  in¬ 
creasing  rf  power.  For  application  of  these  films  to 
device  technology,  conditions  of  weak  compressive 
stress  rather  than  tensile  stress  are  desirable  in 
order  to  avoid  the  occurrence  of  cracks.  For  both 
samples  shown  in  Fig.  6,  the  BHF  etch  rates  mono- 
tonically  decrease  with  increasing  rf  power  [24].  As 
seen  in  Fig.  6,  such  a  decrease  in  the  etch  rate  is 
independent  of  changes  in  the  stress.  These  results 
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Fig.  6.  Stress  as  a  function  of  rf  power  for  films  with  Ru  values 
of  0  and  30.  The  positive  values  denote  tensile  stress.  These  films 
have  values  of  x  greater  than  1.2,  except  for  rf  power  of  5  W.  The 
lines  are  drawn  as  a  guide  for  the  eye. 

suggest  that  Si  nitride  films  having  lower  stress  and 
lower  BHF  etch  rate  can  be  obtained  by  increasing 
both  rf  power  and  Ru  values. 


5.  Discussion 

As  shown  in  Fig.  1,  a  difference  in  the  Si  2p  core 
levels  for  films  having  different  x  values  can  be 
interpreted  in  terms  of  the  CTM  combined  with  the 
MRB  model.  Based  on  the  values  of  ^si(^)  Table 
2,  the  results  shown  in  Fig.  1  predicts  that  the 
spacing  of  the  Si  2p  lines  arising  from  each  of  five 
components  (n  =  0-4;  see  Table  1)  decreases  with 
increasing  n.  Note  that  n  is  the  number  of  N  neigh¬ 
bors  bonded  to  a  given  Si  atom.  The  dependence  of 
the  SiH  and  NH  bond  density  as  a  function  of  x  can 
also  be  explained  using  the  MRB  model  as  shown 
in  Fig.  2.  From  the  values  of  Ap{n)  (see  Table  1), 
determined  through  the  fitting,  it  is  found  that 
Si-NH-Si  bonds  are  formed  instead  of  N(Si3) 
bonds  when  three  or  more  N  atoms  are  bonded  to 
a  Si  atom.  The  favored  formation  of  these  NH 
bonds  can  be  correlated  with  an  increase  in  the  film 
stress  [23].  Furthermore,  for  the  bonding  config¬ 
urations  shown  in  Table  1,  a  maximum  value  ex¬ 


pected  for  X  is  predicted  to  be  1.67,  which  is  consis¬ 
tent  with  the  typical  values  of  the  saturated  com¬ 
position  for  PECVD  a-SiN^:H  films,  where  values 
of  X  =  1.6- 1.7  are  reported  by  some  research 
groups  [1,3,6,25]. 

As  seen  in  Fig.  3(a),  the  Vsih  values  for  SiH„ 
groups  {n  =  1-3)  are  found  to  fit  an  expected 
straight-line  relation  given  by  In  VsiH  ==  7.673  -h 
0.1006(3+ .  From  Eq.  (11)  the  values  of  do  and  are 
then  estimated  to  be  do  =  1.488  A  and  =  0.050. 
We  find  that  the  value  of  do,  predicted  for  (3  +  ^  0,  is 
in  excellent  agreement  with  the  value  (  =  1.49  A) 
[10]  of  the  interatomic  distance  of  SiH  bonds  for 
nonpolar  conditions.  Further,  a  linear  relationship 
between  Vsih  and  ^+  for  solid  compounds  is  also 
found  as  seen  in  Fig.  3(b).  However,  the  k^  values 
depend  on  the  electronegativity  values  of  the  Si 
substituents,  in  contrast  with  that  for  substituted 
silanes  shown  in  Fig.  3(a).  Furthermore,  the  value 
of  do  is  found  to  increase  from  1.488  A  for  the 
silanes  to  1.524  A  for  the  solids.  This  increase  indi¬ 
cates  that  the  Si  and  H  atoms  in  the  solids  under 
(5^=0  conditions  are  polarized;  i.e.  which  implies 
S^.=  —  (see  Table  2).  On  the  other  hand, 

the  condition  for  (3+  =  0  in  the  silanes  should  imply 
(5g.  =  —  =  0,  although  it  is  an  unreal  condition 

as  seen  in  Eq.  (1).  Moreover,  we  note  that  the 
atomic  radius  of  a  constituent  atom  in  solid  com¬ 
pounds  in  general  is  larger  than  that  of  the  atom  in 
gaseous  materials  as  the  atom  in  both  phases  has 
the  same  amount  of  partial  charge  [10]. 

As  described  in  Section  4.4.,  if  a  specific  part  of 
Si-Si  bonds  is  connected  with  formation  of  the 
Urbach  tail  states,  the  large  value  of  y(3)  in  Eq.  (14) 
suggests  that  the  bond  distortion,  due  to  the  pres¬ 
ence  of  the  Si-Si  bonds,  is  favored  as  three  N  atoms 
are  bonded  to  a  Si  atom.  This  is  the  same  rule  as 
that  applied  for  incorporation  of  NH  bonds  as 
stated  above. 


6.  Conclusion 

The  structural  and  bonding  properties  for 
PECVD  a-SiN;c*H  films  were  investigated  by 
means  of  XPS,  IR,  and  ESR.  These  properties  as 
a  function  of  x  were  examined  using  the  CTM 
combined  with  the  MRB  model.  This  model  was 
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applicable  to  analyses  of  the  properties  of  various 
Si-related  materials.  For  a-SiN^:H  films,  it  was 
suggested  that  incorporation  of  NH  bonds  is  fa¬ 
vored  and  that  the  Urbach  tail  slope  increases 
through  enhanced  bond  distortion,  as  three  or 
more  N  atoms  are  bonded  to  a  Si  atom.  The  stress 
and  BHF  etch  rate  for  films  with  a  near- 
stoichiometric  composition  were  also  investigated 
as  functions  of  rf  power  and  B  was  suggested 
that  Si  nitride  films  having  lower  stress  and  lower 
BHF  etch  rate  can  be  obtained  by  increasing  both 
rf  power  and  values. 
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Abstract 

Structural  and  electronic  properties  of  plasma-enhanced  chemical  vapor  deposition  (PECVD)  a-SiOx  thin  films  were 
investigated  and  compared  with  those  of  PECVD  a-SiN^c  thin  films.  The  hydrogen  content  of  a-SiOx  is  much  smaller  than 
that  of  a-SiNx  in  a  composition  range  of  large  x  values.  Discontinuous  chemical  shifts  with  x  were  found  in  the  IR 
absorption  peak  of  the  Si-H  stretching  mode  and  also  in  the  XPS  spectral  peak  of  the  Si  2p  core  level.  These  chemical 
shifts  were  continuous  in  a-SiNx.  The  results  indicate  that  the  random  bonding  model,  which  is  applicable  to  a-SiNx,  is 
not  strictly  applicable  to  a-SiOx.  The  network  formation  by  PECVD  is  supply-controlled  in  a-SiNx  but  somewhat 
reaction-controlled  in  a-SiOx. 


1.  Introduction 

Amorphous  Si  thin  film  transistor  (TFT)  is  now 
being  developed  for  driving  large  liquid  crystal 
displays.  While  thermally  oxidized  Si  is  used  as 
a  gate  insulator  in  metal-oxide-semiconductor 
(MOS)  field-effect  transistor  (FET)  of  crystalline  Si, 
a-SiN;c  deposited  by  plasma-enhanced  chemical 
vapor  deposition  (PECVD)  is  used  in  a-Si  TFT. 
Preparation  conditions  for  PECVD  a-SiOx  and 
a-SiN;c  are  similar,  both  of  which  can  be  succe¬ 
ssively  prepared  with  a-Si:H.  The  reason  for  the 
above  choice  is  that  the  interface  condition  of 
a-SiN;,/a-Si :  H  performs  better  than  that  of 
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a-SiO^/a-Si :  H.  The  electronic  properties  of  the 
materials  depend  on  preparation  methods.  Since 
we  previously  studied  the  atomic  structure  and 
electronic  properties  of  a-SiN^^  deposited  by 
PECVD  [1],  we  study  PECVD  a-SiOx  now  to  find 
differences  between  them. 

Structural  and  bonding  properties  of  PECVD 
a-SiOx  have  been  investigated  by  several  workers 
by  IR  absorption  and  X-ray  photoelectron 
spectroscopy  (XPS)  [2-4].  Their  conclusions  on  the 
variation  of  these  properties  with  composition 
X  can  be  roughly  divided  into  two  groups.  One  is 
that  the  variation  is  smooth  and  continuous  with 
X  [2, 3],  and  the  other  is  not  [4].  To  describe  atomic 
microstructure  in  such  materials,  the  random 
bonding  model  (RBM)  has  been  used,  which 
assumes  no  preference  for  atomic  species  in  making 
bonds.  Therefore,  the  above  conclusions  can  be 
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divided  according  to  the  applicability  of  RBM. 
Since  RBM  was  found  to  be  applicable  to  a-SiN,. 
[1],  attention  was  paid  to  its  applicability  to  a-SiO^^. 
in  this  investigation. 

In  this  work,  a-SiO.^  thin  films  of  various 
composition  x  were  prepared  and  investigated  by 
XPS  and  IR  and  optical  absorption.  These  results 
were  compared  with  those  of  a-SiN^  to  deduce  the 
cause  of  differences  between  them.  Experimental 
results  on  a-SiN_^  described  in  this  paper  were  given 
in  Ref.  [1]. 


2.  Experimental  procedure 

Thin  films  of  a-SiO^.  were  deposited  by  PECVD 
in  the  same  apparatus  as  for  a-SiN^.  Preparation 
conditions  were:  raw  reacting  gases  SiH4,  N2O  and 
H2,  a  substrate  temperature  of  250°C,  gas  pressure 
in  the  reactor  at  0.5  Torr  and  a  rf  power  density  of 
0.08  W/cm^  The  gas  flow  ratio  R  =  [N20]/[SiH4] 
was  varied  from  0  to  80.  Several  kinds  of  substrate 
were  used  depending  on  purpose:  fused  silica  glass 
for  optical  absorption,  undoped  FZ  Si  wafer  for  IR 
absorption  and  NiCr-evaporated  Corning  7059 
glass  for  XPS. 

A  surface  oxide  layer  was  removed  by  Ar  ion 
etching  just  before  the  XPS  measurements.  The 
composition  x  was  determined  by  comparing  the 
integrated  spectral  intensity  of  the  Si  2p  core-level 
with  the  O  Is  core-level  using  a  stoichiometric  Si02 
glass  as  a  calibration  standard.  The  peak  shift  in 
XPS  due  to  charging  up  of  the  sample  was 
corrected  by  the  peak  energy  of  Ar  2p,  which  was 
incorporated  by  the  Ar  ion  etching. 


3.  Experimental  results 

The  composition  x  of  the  films  deposited  from 
the  plasma  of  the  gas  flow  ratio  R  is  shown  in 
Fig.  1,  where  x  is  nearly  proportional  to  logR  and 
approaches  2,  the  stoichiometric  value,  at  a  very 
large  value  of  R.  These  films  contain  N  atoms 
which  come  from  the  N2O  gas.  Fig.  1  also  shows 
N  atom  concentration  y  =  [N]/[Si]  in  the  film 
expressed  as  a-SiO^^N^,,  which  increases  with 


Gas  Flow  Ratio  R=[!^0]/ISiHJ 

Fig.  1.  Gas  flow  ratio  R  =  [N20]/[SiH4]  and  composition 
.\-  ^  [0]  /  [Si]  and  3’  =  [N]  /  [Si]  in  a-SiO.,Nv.  Lines  are  drawn 
as  guides  for  the  eye. 


Fig.  2.  Integrated  IR  absorption  intensities  of  Si-H  and  O-H 
stretching  mode  against  composition  .y.  Lines  are  drawn  as 
guides  for  the  eye. 

R  being  equal  to  about  x/3  for  x  <  1.5,  and  then 
decreases.  Since  the  N  concentration  is  not 
important  compared  with  O  in  the  present 
material,  N  is  not  mentioned  in  other  sections  of 
this  paper.  Although  scattering  of  the  data  is  large 
in  Fig.  1  it  seems  possible  to  consider  that  there  is 
discontinuity  in  the  composition  from  x  =  0.5  to 
0.8  for  about  R  —  1. 

IR  absorption  of  the  Si~H  stretching  mode 
indicates  that  the  H  concentration  increases  with 
X  up  to  about  X  =  0.5,  then  decreases  and  cannot  be 
detected  for  x  >  1.5  as  shown  in  Fig.  2.  The 
intensity  of  the  O-H  stretching  mode  at  3460  cm“  ^ 
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Fig.  3.  Shift  in  the  main  peak  of  Si-H  stretching  mode  in  IR 
absorption  spectrum  against  composition  x  Lines  are  drawn  as 
guides  for  the  eye. 


can  be  detected  for  x  >  1.1  and  increases  with  x. 
However,  the  O-H  intensity  is  weaker  than  the 
Si-H  intensity  even  for  the  largest  O-H  intensity  in 
our  sample  of  x  =  1.8. 

While  several  small  peaks  were  resolved  at 
fixed  frequencies  in  the  absorption  spectrum 
of  the  Si-H  stretching  mode,  the  frequency  of  the 
main  peak  shifts  with  composition  x,  reflecting 
a  change  in  the  averaged  electronegativities  of 
atoms  bonded  to  the  Si  atom  [3].  This  shift  in 
the  main  peak  has  discontinuity  in  the  range 
X  =  0.5-1. 0  as  shown  in  Fig.  3,  indicating  a 
discontinuous  change  in  x  in  the  probability  of 
O  atoms  bonded  to  the  Si  atoms  as  the  nearest 
neighbors. 

In  the  XPS,  the  chemical  shift  of  the  Si  2p 
core-level  spectra  is  observed  with  increasing  x. 
The  spectrum  becomes  broad  and  double  peaked  in 
the  range  x  =  0.5-L0,  and  the  chemical  shift  is 
discontinuous  in  this  range.  This  result  also  implies 
a  discontinuous  change  with  x  in  the  probability  of 
O  atoms  bonded  to  the  Si  atom. 

By  the  optical  absorption  measurement,  it 
becomes  clear  that  the  optical  band  gap 
Eo  increases  gradually  from  x  =  0  to  about  3.2  eV 
at  X  =  1.3,  and  then  increases  rapidly  to  9  eV  at 
X  =  2.0.  The  value  of  the  coefficient  in  the  Tauc 
plot  decreases  linearly  with  x  from  850  (eV  cm)  “ 
at  X  =  0  to  250  (eV  cm)  "  at  x  =  1.5,  and  then 
increases  rapidly. 


4.  Discussion 

In  comparison  with  the  results  on  a-SiN^,,  the 
following  points  are  noted  to  be  discussed  in  the 
experimental  results  on  a-SiO;^. 

In  a-SiN;,,  x  becomes  1.7  for  large  values  of 
R  =  [NH3]/[SiH4],  larger  than  the  stoichiometric 
value  4/3,  because  of  the  large  NH  concentration  in 
the  film  to  release  stress  and  to  decrease  the  defect 
density  in  the  network.  In  a-SiO;^,  the  largest 
X  value  obtained  is  nearly  equal  to  but  less  than  2.0 
for  the  stoichiometric  composition.  The  maximum 
OH  concentration  in  a-SiOi.g  is  smaller  than  the 
maximum  NH  concentration  in  a-SiNi.7  by  an 
order  of  magnitude.  This  result  indicates  that  the 
atomic  network  of  a-SiO^  has  less  stress  due  to 
a  small  coordination  number  of  O  atoms  than  that 
of  a-SiN;,. 

In  the  analysis  of  the  chemical  shift  in  XPS  of 
a-SiN;,,  the  shift  is  linear  with  x  and  extends  to 
X  ==  1.7.  There  was  no  preference  for  atoms  in  bond 
making.  RBM  applies  quite  well  to  a-SiN^.  In  the 
present  case  of  a-SiOx,  discontinuity  with 
composition  was  observed  in  the  chemical  shift  of 
XPS  peak  as  well  as  in  the  IR  absorption  frequency 
in  nearly  the  same  composition  range. 

Deconvolution  of  the  observed  XPS  spectra  was 
made  by  assuming  a  presence  of  five  kinds  of  Si- 
centered  tetrahedrons,  Si“(Si4_„0„)  where  n  =  0-4. 
The  peak  shift  and  the  change  in  the  spectral  shape 
result  from  a  variation  in  the  distribution  of  these 
tetrahedrons,  XPS  spectra  of  a-Si:H  and  fused 
quartz  were  measured  to  obtain  the  binding  energy 
and  the  spectral  width  (FWHM)  of  Si  2p  core-level 
of  the  extreme  compositions:  99.3  and  1.3  eV  for 
a-Si :  H  and  103.5  and  2,0  eV  for  Si02,  respectively. 
The  remaining  spectra  were  assumed  to  be  equally 
spaced  with  increased  width  proportional  to  n.  The 
observed  spectra  were  reproduced  quite  well  by 
a  superposition  of  the  component  spectra.  The 
relative  concentration  of  each  tetrahedron  obtained 
in  this  way  is  shown  in  Fig.  4.  When  Fig.  4  is 
compared  with  the  symmetric  distribution  of  n  and 
4  —  n  components  based  on  RBM  [3],  it  is  clearly 
shown  that  the  contribution  of  the  n  =  3  Si-{Si03) 
component  is  larger,  but  those  of  the  n  =  I 
Si~{Si30)  and  n  =  2  SHSi202)  components  are 
smaller  than  the  model  distribution. 
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Fig.  4.  Relative  contribution  of  five  Si-centered  tetrahedrons 
Si-(Si4-„0„)  obtained  by  XPS  against  composition  x.  Lines  are 
drawn  as  guides  for  the  eye. 

The  chemical  shift  in  the  Si-H  stretching  mode  is 
also  explained  by  a  presence  of  four  kinds  of  Si 
tetrahedrons  with  one  SiH  bond  SiH-(Si3_„0„) 
where  n  =  0~3.  The  discontinuity  in  the  chemical 
shift  shown  in  Fig.  3  can  be  shown  to  correspond  to 
a  small  ratio  of  presence  in  the  SiH-(Si20)  and 
SiH-(Si02)  tetrahedrons  as  expected  based  on  the 
relation  between  frequency  shift  and  electro¬ 
negativity.  There  was  no  such  discontinuity  in  the 
shift  in  the  Si~H  stretching  mode  in  a-SiN^^  with 
composition. 

The  above  results  in  XPS  and  IR  absorption 
indicate  that  the  RBM  does  not  strictly  hold  in 
a-SiO;,.  The  applicability  of  RBM  implies  that  there 
is  no  preferable  atomic  configuration  in  a-SiN^,..  In 
other  words,  the  network  formation  in  a-SiN;,  is 
supply-controlled.  On  the  other  hand,  there  is 
some  preference  for  atomic  configuration  in  a-SiO,^-. 
The  network  formation  in  a-SiO^  is  somewhat 
reaction-controlled.  This  difference  in  the  prefer¬ 
ence  of  atomic  configuration  seems  to  be  related  to 
the  difference  in  bond  energy  discussed  below. 

The  optical  properties,  i.e.,  the  dependence  of 
Eq  and  B  coefficient  on  x,  of  a-SiO,.  are 
qualitatively  the  same  as  those  of  a-SiN^..  They  are 
explained  by  the  following  model.  The  band  gap 


between  the  conduction  band  and  the  valence 
band,  both  derived  from  the  Si-Si  bond  at  x  =  0, 
increases  with  x.  For  large  x  values,  the  Si-O  bond 
or  the  Si-N  bond  forms  the  conduction  band,  and 
the  O  lone  pair  or  the  N  lone  pair  forms  the  valence 
band,  in  a-SiO^.  or  a-SiN^,.,  respectively.  Since  the 
energy  gaps  of  Si02  and  Si3N4  are  9  and  5.3  eV, 
respectively,  the  Si-O  bond  is  much  stronger  than 
the  Si-N  bond.  This  comparison  is  consistent  with 
the  IR  absorption  frequency  of  the  symmetric 
stretching  mode  of  980  cm  for  the  Si-O  bond 
compared  with  450  cm  for  the  Si-N  bond. 

Although  further  studies  are  necessary,  it  is 
generally  considered  that  the  interface  between  the 
two  extreme  compositions,  i.e.,  the  insulator  and 
a-Si :  H,  is  likely  to  be  defect-free  when  structures  of 
intermediate  composition  take  place  with  equal 
probability  under  supply-controlled  conditions. 

5.  Conclusion 

From  this  comparative  study  of  PECVD  a-SiO,., 
with  a-SiN^-  for  various  composition  x,  the 
following  differences  between  them  are  found. 
Judging  from  its  small  H  content  and  strong  bond 
energy,  a-SiO^.^  is  more  stable  than  a-SiN^.  for  large 
X  values.  However,  the  distribution  of  Si  suboxide 
tetrahedron  structures  with  one  or  two  O  atoms  is 
smaller  than  that  expected  by  RBM,  which  is 
applicable  to  a-SiN^.  This  result  may  be  a  cause  of 
defect  formation  at  the  interface  between  a-SiO^ 
and  a-Si :  H. 
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Abstract 

The  optical  properties  of  a  variety  of  silicon  nitride  films  prepared  by  different  techniques  are  investigated  with 
conventional  and  synchrotron  radiation  spectroscopic  ellipsometry.  The  existence  of  hydrogen  in  near-stoichiometric 
SiN  films  is  found  to  cause  a  red-shift  of  the  fundamental  and  mean  optical  gaps,  thought  to  be  due  to  the  existence  of 
Si-H  bonds.  Temperature-dependent  measurements  up  to  700  K  reveal  a  recession  of  the  fundamental  gap  and  an 
increase  of  the  mean  optical  gap  with  temperature.  Analysis  of  the  experimental  spectra  with  the  microscopic  tetrahedron 
model  indicates  the  superiority  of  the  chemical  vapour  deposition  growth  technique  in  terms  of  film  quality  and 
homogeneity.  Finally,  a  new  method  is  used  for  the  determination  of  the  [N]/[Si]  concentration  ratio  from  tetrahedron 
model  analysis  and  the  results  compare  well  to  those  from  Rutherford  backscattering  spectroscopy  and  nuclear  reaction 
analysis. 


1.  Introduction 

The  development  of  several  low-cost  physical 
and  chemical  deposition  techniques  for  silicon  ni¬ 
tride  (hereafter  denoted  ‘SiN’)  films  enables  the  use 
of  SiN  films  in  electronic  devices,  such  as  thin-film 
transistors  and  multilayer  structures  in  conjunction 
with  the  well-studied  a-Si(:H)  and  SiO^,.  The  effect 
of  hydrogen  on  the  dielectric  and  electrical  proper¬ 
ties  of  SiN  is  more  complicated  in  comparison  to  a- 
Si :  H,  since  hydrogen  can  be  bonded  directly  either 
to  Si  or  N  atoms  and  thus  affect  the  val- 
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ence-band  density  of  states  in  a  complex  manner. 
Furthermore,  the  dependence  of  the  dielectric 
properties  of  SiN  films  on  temperature  allows  for 
predictions  on  the  materials  performance  in  pos¬ 
sible  optoelectronic  applications.  Therefore,  in  this 
work  we  present  experimental  evidence  on  the  de¬ 
pendence  of  the  fundamental  and  mean  optical 
gaps  of  hydrogenated  SiN  on  the  hydrogen  concen¬ 
tration  and  study  the  variation  of  the  optical  prop¬ 
erties  of  SiN  with  temperature,  on  which  there  exist 
up  to  now  no  data  in  the  literature.  Finally,  a  new 
method  based  on  a  modified  tetrahedron  model 
analysis  is  used  to  estimate  the  stoichiometry  of 
SiN  films  and  the  results  are  compared  to  corres¬ 
ponding  ones  from  Rutherford  backscattering  spec¬ 
troscopy  (RBS)  and  nuclear  reaction  analysis  (NRA). 
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2.  Experimental  procedure 

The  SiN  films  studied  were  prepared  by  various 
deposition  techniques,  namely  chemical  vapour  de¬ 
position  (CVD),  physical  vapour  deposition  (PVD), 
direct  nitridation  (DN),  plasma-enhanced  CVD 
(PECVD),  sputtering  (SP)  and  photo-CVD  (Ph- 
CVD).  The  samples  had  different  nitrogen  concen¬ 
trations,  thicknesses  ranging  between  500  and 
6000  A,  and  several  of  them  contained  a  significant 
amount  of  hydrogen.  Details  on  their  preparation 
and  characterization  can  be  found  elsewhere  [1]. 

The  experimental  probe  we  applied  in  order  to 
study  the  optical  properties  of  these  films  was  spec¬ 
troscopic  ellipsometry  (SE),  a  non-destructive  op¬ 
tical  technique  that  measures  directly  the  real  and 
imaginary  parts  of  the  complex  dielectric  function 
£(a;)  (  =  £i(a;)  -I-  •  Analysis  of  the  SE  spectra 

of  amorphous  materials  can  yield  the  film  thick¬ 
ness,  the  composition  and  the  location  of  the  major 
optical  gaps.  Measurements  were  taken  in  the  en¬ 
ergy  regions  1. 5-6.3  eV  and  4.5-10  eV  using  con¬ 
ventional  (Xe  lamp)  and  synchrotron  radiation  (SR) 
light  sources.  The  respective  measurements  were 
performed  at  the  University  of  Thessaloniki  and 
the  Synchrotron  Radiation  Laboratory  BESSY 
in  Berlin.  The  SR  ellipsometric  measurements 
were  taken  under  high-vacuum  conditions  (P  < 
10“^Torr),  whereas  temperature-dependent  mea¬ 
surements  were  performed  between  80  and  700  K. 


3.  Results 

3.1.  The  effect  of  hydrogen  and  temperature  on 
the  optical  gaps 

In  order  to  examine  the  effect  of  hydrogen  on  the 
fundamental  gap  of  silicon  nitride  we  studied  Si- 
and  N-rich  SiN  films.  Firstly  we  performed  anneal¬ 
ing  experiments  at  SOO^'C  for  30  min  on  Si-rich 
films.  Typical  results  are  shown  in  Fig.  1  for  the 
case  of  two  PVD  SiN  films  in  the  as-grown  and 
after-annealing  states.  The  lower-energy  parts  of 
the  &2{^)  spectra  are  dominated  by  interference 
fringes,  which  are  due  to  the  multiple  reflection  of 
light  at  the  film/substrate  interface  and  diminish  in 
the  region  of  the  fundamental  gap  due  to  the  rise  of 


Fig.  1.  Spectra  of  the  imaginary  part  £,(«)  of  the  dielectric 
function  of  two  Si-rich  SiN  films  in  the  as-grown  and  after¬ 
annealing  states  (solid  and  dashed  lines,  respectively). 

film  absorption.  It  is  evident  from  Fig.  1  that  the 
fringes  are  blue-shifted  with  annealing,  which  im¬ 
plies  that  a  significant  increase  of  the  fundamental 
gap  took  place. 

In  order  to  isolate  the  effect  of  hydrogen  on  the 
gaps,  we  selected  films  close  to  stoichiometric 
Si3N4  (i.e.  with  concentration  ratios  [N]/[Si]  be¬ 
tween  1.25  and  1.3),  as  determined  by  combined 
measurements  of  RBS  and  NRA,  and  determined 
the  so-called  Tauc  gap,  Pj  [2],  from  the  SE  spectra. 
The  results  on  the  dependence  of  Pj  on  hydrogen 
are  shown  in  Fig.  2  (open  circles)  and  each  point 
corresponds  to  one  film.  The  data  on  the  hydrogen 
concentration  are  deduced  by  elastic  recoil  detec¬ 
tion  analysis  (ERDA)  measurements,  performed  at 
the  University  of  Frankfurt.  The  Tauc  gap  is  found 
from  Fig.  2  to  decrease  with  increasing  hydrogen 
content  and  therefore  a  subsequent  hydrogen  effu¬ 
sion,  i.e.  caused  by  annealing  experiments,  is  ex¬ 
pected  to  increase  its  value.  A  similar  trend  is  ob¬ 
served  for  the  mean  optical  gap  of  SiN,  a  measure 
of  which  is  the  energy  position  of  the  peak  of  82(09) 
(denoted  ^zmax)-  In  Fig.  2  we  present  the  dependence 
of  ^zmax  on  the  hydrogen  content  for  the  films  hav¬ 
ing  [N]/[Si]  between  1.25  and  1.3  (solid  circles). 
The  solid  line  represents  the  fit  to  the  data  consider¬ 
ing  a  linear  model  and  a  red-shift  of  the  gap  with 
increasing  hydrogen  content  is  observed. 

For  the  determination  of  the  temperature  de¬ 
pendence  of  the  fundamental  absorption  of  SiN 
films  the  so-called  P03  gap  was  considered.  This 


J.  Petalas  et  al.  j  Journal  of  Non-Crystalline  Solids  187  (1995)  291-296 


293 


Fig.  2.  Tauc  gap  and  energy  position  of  versus  hydrogen 
concentration  for  SiN  films  having  concentration  ratio 
[N]/[Si]  around  1.30  (open  and  solid  circles,  respectively). 
Lines  are  drawn  as  guides  for  the  eye. 


Fig.  3.  Temperature  dependence  of  the  energy  position  of  the 
£q3  gap  for  two  SiN  films.  The  lines  are  drawn  as  guides  for  the 
eye. 

gap  corresponds  to  the  photon  energy  at  which  the 
absorption  coefficient  rises  to  10^  cm”\  The  shift 
of  £o3  with  temperature  for  one  PVD  ([N]/[Si]  = 
1.0,  [H]  =  7%)  and  one  CVD  ([N]/[Si]  =  1.3, 
[H]  =  2%)  is  presented  in  Fig.  3  and  a  red-shift  of 
the  gap  is  verified  for  both  cases.  In  the  case  of  the 
mean  optical  gap,  three  methods  have  been  applied: 
(i)  estimation  of  the  £2max  energy  position  directly 
from  the  experimental  spectra,  (ii)  fitting  of  the 
imaginary  part  of  the  dielectric  function  with  the 
theoretical  model  proposed  by  Campi  and  Co- 
riasso  [3]  and  (iii)  fitting  of  both  parts  of  the  dielec¬ 
tric  function  with  the  theoretical  dispersion  rela¬ 
tions  proposed  by  Forouhi  and  Bloomer  [4].  In 


Temperature  (K) 


Fig.  4.  The  mean  optical  gap  of  a  PVD  SiN  film  (estimated  by 
three  models)  versus  temperature. 

Fig.  4  we  present  typical  results  on  the  temperature 
dependence  of  one  PVD  SiN  film,  from  which 
a  slight  blue-shift  is  observed. 

3.2.  Comparative  stoichiometry  studies  with  the 
tetrahedron  model 

Significant  information  on  the  quality  and 
stoichiometry  of  silicon  nitride  films  may  be  ob¬ 
tained  via  the  tetrahedron  model  analysis  of  the 
dielectric  function  spectra  [5,  6].  The  model  con¬ 
siders  SiN  to  be  comprised  of  Si-centered  tet- 
rahedra  of  the  form  Si-Si4_t;Ny  (designated  here¬ 
after  as  Tv)-  The  dielectric  response  of  these  indi¬ 
vidual  tetrahedra  is  known  and  therefore  the  ex¬ 
perimental  dielectric  function  spectra  of  the  various 
films  may  be  analyzed  in  terms  of  these  tetrahedra 
with  a  Bruggeman  effective-medium  theory.  In  such 
a  way  one  may  estimate  the  volume  fractions  of  the 
existing  tetrahedra  in  each  case.  The  results  are 
presented  in  Table  1  for  various  SiN  films.  The  void 
volume  fraction  (Wyoids)  listed  in  the  table  represents 
the  effect  of  voids  and  other  deficiencies  on  the 
dielectric  function. 

An  extension  of  this  analysis  has  been  proposed 
[6]  in  order  to  deduce  the  nitrogen-to-silicon  ratio 
([N]/[Si])  from  the  tetrahedron  volume  fractions. 
The  basic  concept  is  to  consider  the  material  as 
a  sum  of  distinct  (i.e.  non-intersecting  and  overlap¬ 
ping)  Si-centered  tetrahedra,  bonded  to  each  other 
(and  thus  constituting  a  solid)  via  the  atoms  situ¬ 
ated  at  their  four  tetrahedron  corners.  In  this 
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Table  1 

Results  of  tetrahedron  model  analysis  of  the  dielectric  function  of  several  SiN  thin  films  prepared  by  various  techniques;  the  estimated 
[N]/[Si]  ratios  are  also  listed,  along  with  the  corresponding  results  from  RBS/NRA 


Sample 

Tetrahedron  volume  fractions  (%) 

Void 

fraction  (%) 

[N]/[Si] 

T, 

T2 

T, 

T, 

TM 

RBS/NRA 

PVDl 

6.6 

32.5 

60.9 

28.3 

0.84 

1.0 

PVD2 

11.6 

23.6 

64.8 

31.0 

0.85 

1.0 

PVD3 

4.2 

35.2 

60.6 

29.5 

0.85 

1.0 

PVD4 

1.2 

39.8 

59,0 

32.7 

0.86 

1.0 

CVDl 

18.7 

81.3 

16.2 

1.21 

1.3 

CVD2 

1.4 

24.2 

74.4 

21.1 

1.16 

1.3 

CVD3 

0.5 

25.1 

74.4 

21.2 

1.16 

1.3 

CVD4 

4.0 

19.8 

76.2 

19.7 

1.15 

1.27 

DNl 

10.9 

89.1 

27.2 

1.18 

1.2 

DN2 

6.0 

94.0 

31.4 

1.25 

1.29 

SPl 

1.0 

16.4 

82.6 

37.3 

1.10 

1.3 

SP2 

11.3 

88.7 

12.0 

1.18 

1.17 

SP3 

12.4 

87.6 

17.2 

1.16 

1.27 

manner  one  can  count  the  number  of  Si  and 
N  atoms  that  belong  to  a  certain  Si-Si4_,.N,.  tet¬ 
rahedron  and  thus  deduce  the  [N]/[Si]  ratio  from 
the  volume  fractions  Ty.  The  results  are  presented 
in  the  seventh  column  of  Table  L 


4,  Discussion 

The  increase  of  the  fundamental  gap  of  Si-rich 
SiN  films  after  annealing  (refer  to  Fig.  1)  may  be 
interpreted  in  terms  of  the  existence  of  Si-H  bonds, 
since  annealing  at  temperatures  above  350"'C  is 
known  to  cause  breaking  of  Si-H  bonds  and  sub¬ 
sequent  hydrogen  effusion  from  the  material.  Thus, 
the  observed  blue-shift  of  the  gap  may  be  due  to  the 
dissolving  of  Si-H  bonds  and  their  replacement  by 
Si-N  ones,  while  the  N-H  bonds,  known  to  be 
stable  up  to  SOO'^C,  remain  unaffected.  This  result  is 
in  agreement  with  the  red-shift  of  the  Tauc  gap  with 
increasing  hydrogen  observed  for  films  having 
[N]/[Si]  close  to  1.3  (refer  to  Fig.  2),  which  can  also 
be  attributed  to  the  existence  of  Si-H  bonds:  these 
bonds  lie  rather  close  to  the  valence  band  (VB)  top 
and  therefore  their  presence  is  expected  to  raise  the 
VB  top  and  thus  decrease  the  fundamental  gap. 


since  the  conduction  band  minimum  is  reported  to 
be  insensitive  to  the  presence  of  hydrogen.  On  the 
other  hand,  N-H  bonds  lie  deeper  in  the  VB  and 
hence  are  expected  to  have  negligible  effect  on  the 
VB  top.  This  fundamental  gap  shift  is  opposite  to 
what  is  reported  for  a-Si :  H  [7],  where  the  gap  is 
blue-shifted  with  increasing  hydrogen.  This  de¬ 
pendence  may  be  explained  by  considering  that  the 
incorporation  of  hydrogen  in  a-Si:H  substitutes 
Si-Si  bonds  that  determine  the  VB  top  with  Si-H 
ones  that  lie  ^  7  lower  and  thus  cause  the  VB 
top  to  recede. 

In  order  to  verify  the  existence  of  Si-H  bonds  we 
performed  additional  Raman  spectroscopy  mea¬ 
surements  on  the  SiN  films  using  an  Ar  laser 
(5145  A)  in  the  energy  regions  1800-2400  cm"  ^ 
and  3000-3600  cm"  \  where  silicon-hydrogen  and 
nitrogen-hydrogen  stretching  vibrational  modes 
are  occurring.  Although  the  samples  having  hydro¬ 
gen  lower  than  5%  did  not  yield  detailed  informa¬ 
tion,  apparently  due  to  their  low  H  content,  the  two 
SiN  films  that  have  the  highest  hydrogen  content 
(PECVD  and  PhCVD,  with  [H]  =  16%  and  26%, 
respectively)  gave  pronounced  structures.  The  cor¬ 
responding  Raman  spectra  of  these  films  are  shown 
in  Fig.  5.  The  peak  around  2100  cm"  ^  corresponds 
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Fig.  5.  Raman  spectra  in  the  regions  1800-2300 cm" ^  and 
3000-3600 cm" ^  of  the  PECVD  and  PhCVD  SiN  films,  re¬ 
ported  to  have  hydrogen  concentrations  16%  and  26%,  respec¬ 
tively.  The  lines  are  drawn  as  guides  for  the  eye. 

to  the  Si-H  stretching  mode,  whereas  these  around 
2180  and  2240  cm  to  stretching  modes  of  more 
complex  units  [8].  On  the  other  hand,  the  peaks 
around  3300  and  3450  cm"  ^  are  identified  with  the 
N-H  and  N-H2  stretching  modes.  Thus  from 
Fig.  5  the  existence  of  N-H  as  well  as  Si-H  bonds 
in  these  films  is  established. 

The  £03  gap  of  SiN  films  was  found  to  decrease 
with  temperature  (refer  to  Fig.  3).  The  temperature 
coefficients  for  the  PVD  and  CVD  films  shown  in 
the  figure  are  estimated  to  be  1.75  (22)  and  1.55  (39) 
xlO  '^eV/K,  respectively,  where  the  numbers 
in  parentheses  indicate  the  95%  confidence 
limits.  Larger  coefficients  are  found  for  a-Si  and 
a-Si:H  (about  2xlO"'^eV/K)  and  this  must  be 
associated  with  the  existence  of  nitrogen,  since  it  is 
generally  observed  that  the  more  insulating  a  ma¬ 
terial  the  smaller  the  temperature  shift  of  its  funda¬ 
mental  gap.  In  the  case  of  the  mean  optical  gap  one 
can  note  that  an  ascending  trend  is  established  by 
all  models  used,  in  contrast  to  what  is  observed 
for  a-Si.  Model  (i)  seems  to  provide  the  most  consis¬ 
tent  data  that  have  the  smallest  dispersion.  The 
average  temperature  coefficient  is  estimated  to  be 
0.83(37)x  10"^eV/K. 

From  the  types  and  volume  fractions  of  the  exist¬ 
ing  tetrahedra  in  SiN  films  one  can  deduce  qualitat¬ 


ive  conclusions  concerning  the  film  quality.  From 
Table  1  it  can  be  seen  that  only  the  CVD  films 
exhibit  tetrahedra  T2,  and  T4  together.  Fur¬ 
thermore,  the  volume  fractions  of  these  tetrahedra 
follow  the  relation  U2  which  is  predicted 

by  the  literature,  in  all  cases  but  one.  These  results, 
along  with  the  relatively  low  void  volume  fraction, 
are  indicative  of  gradual  nitridation,  i.e.  homogene¬ 
ous  dispersion  of  the  Si-Si  and  Si-N  bonds  within 
the  respective  films,  and  high  film  quality.  The  DN, 
SP  and  PVD  films  exhibit  low  homogeneity,  i.e. 
non-negligible  distinct  phases,  and  in  most  cases 
high  void  fraction,  which  is  related  to  the  quality. 
Thus,  this  study  proposes  that  the  CVD  technique 
produces  films  of  superior  quality  and  homogen¬ 
eity.  Furthermore,  the  values  of  the  [N]/[Si]  ratio 
estimated  by  the  tetrahedron  model  are  in  agree¬ 
ment  within  15%  with  the  corresponding 
RBS/NRA  estimations  (refer  to  columns  7  and  8  of 
Table  1),  which  is  acceptable  since  the  error  limit  of 
the  RBS/NRA  technique  is  5-10%. 


5.  Conclusions 

The  fundamental  and  mean  optical  gaps  of 
SiN :  H  films  close  to  stoichiometric  were  found  to 
red-shift  with  increasing  hydrogen  in  the  films, 
a  trend  attributed  to  the  existence  of  Si-H  bonds 
and  verified  by  additional  Raman  spectroscopy 
measurements.  Temperature  dependence  measure¬ 
ments  showed  a  red  shift  of  the  fundamental  gap, 
lower  than  that  observed  in  a-Si(:H).  On  the  other 
hand,  analysis  of  the  dielectric  function  with  the 
tetrahedron  model  allows  for  qualitative  compara¬ 
tive  studies  between  SiN  prepared  by  different  tech¬ 
niques  and  revealed  the  superiority  of  the  CVD 
technique  in  terms  of  film  quality  and  homogeneity. 
Estimation  of  the  [N]/[Si]  ratio  with  this  model  is 
in  good  agreement  with  the  corresponding  results 
from  RBS/NRA  analysis. 


References 

[1]  E.C.  Paloura,  J.  Lagowski  and  H.C.  Gatos,  J.  Appl.  Phys. 
69  (1991)  3995;  A.  Markwitz,  H.  Baumann,  E.F.  Krimmel, 
M.  Rose,  K.  Bethge,  P.  Misaelides  and  S.  Logothetidis, 


296 


J.  Petalas  et  al.  I  Journal  of  Non-Cn'stalline  Solids  187  (1995)  291-296 


Vacuum  44  (1992)  397;  E.C.  Paloura,  A.  Knop,  K.  Hoi- 
Idack,  U.  Doebler  and  S.  Logothetidis,  J.  Appl.  Phys.  73 
(1993)  2995. 

[2]  S.  Logothetidis,  J.  Petalas,  A.  Markwitz  and  R.L.  Johnson, 
J.  Appl.  Phys.  73  (1993)  8514. 

[3]  D.  Campi  and  C.  Coriasso,  J.  Appl.  Phys.  64  (1988)  4128. 

[4]  A.R.  ForouhiandJ.  Bloomer,  Phys.  Rev.  834(1986)7018. 


[5]  Z.  Yin  and  F.W.  Smith,  Phys.  Rev.  B42  (1990)  3658. 

[6]  J.  Petalas  and  S.  Logothetidis,  Phys.  Rev.  B50  (1994) 
11801. 

[7]  G.F.  Feng,  M.  Katiyar.  J.R.  Abelson  and  N.  Maley,  Phys. 
Rev.  B45  (1992)  9103. 

[8]  S.  Hasegawa,  L.  He,  Y.  Amano  and  T.  Inokiima,  Phys. 
Rev.  B48  (1993)  5315. 


ELSEVIER 


JOURNA L or 

Ni-CRYSMINESOLl 


Journal  of  Non-Crystalline  Solids  187  (1995)  297-300 


Nature  of  the  Si  and  N  dangling  bonds  in  silicon  nitride 


J.  Robertson^’*,  W.L.  Warren'’,  J.  Kanicki*^ 

^  Department  of  Engineering,  University  of  Cambridge,  Cambridge  CB2  IPZ,  UK 
^  Sandia  National  Laboratories,  Albuquerque,  NM  87185-1349,  USA 
^Department  of  EECS,  University  of  Michigan,  Ann  Arbor,  Ml  48109-2108,  USA 


Abstract 

Si  and  nitrogen  dangling  bond  defects  in  amorphous  silicon  nitride  a-SINjt:H  are  most  stable  in  their  charged, 
diamagnetic  states.  Excitation  to  their  paramagnetic  states  is  found  to  occur  by  both  charge  conversion  of  Si  defects  or 
N  defects  or  by  charge  transfer  between  Si  and  N  defects.  The  stability  of  charged  defects  is  modelled  in  terms  of  potential 
fluctuations  whose  magnitude  exceeds  their  positive  correlation  energy. 


1.  Introduction 

Amorphous  hydrogenated  silicon  nitride  (a- 
SiN^:  H)  is  widely  used  as  the  gate  dielectric  in  thin 
film  transistors  and  as  the  charge  storage  medium 
in  non-volatile  memories.  These  applications  re¬ 
quire  an  understanding  of  the  nature  of  the  charge 
trapping  centers  in  a-SiN^:H,  The  defects  expected 
in  a  random  network  of  mainly  Si-N  bonds  are  the 
Si  and  N  broken  (dangling)  bonds  (DB)  [1].  These 
defects  have  been  extensively  characterized,  as  re¬ 
viewed  recently  [2-5].  The  Si  dangling  bond  back- 
bonded  to  three  N  atoms,  denoted  the  K  center,  is 
the  dominant  trapping  center  in  silicon  nitride.  It 
forms  a  state  near  the  middle  of  the  band  gap 
(Fig.  1).  The  N  dangling  bond  is  observed  in 
stoichiometric  (x  f )  and  N-rich  a-SiN^^iH  and 
gives  rise  to  a  state  just  above  the  valence  band 
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edge  Ey.  Each  center  is  amphoteric,  with  three 
charge  states,  +  ,  0  and  —  ,  and  is  neutral  when 
single  occupied. 


2.  Results 

The  energy  level  diagram  (Fig.  1)  suggests  that  if 
both  K  and  N  centers  are  present,  then  charge 
transfer  between  defects  will  create  and 

N"  centers, 

+N",  (1) 

leaving  some  or  centers,  depending  on 
whether  K  or  N  centers  are  in  overall  excess.  If  so, 
ultraviolet  (UV)  illumination  should  reverse  this 
reaction, 

K+  -hN”  -hN^  (2) 

and  re-form  the  neutral,  paramagnetic  centers 
which  would  be  seen  by  electron  spin  resonance 
(ESR).  In  practice,  only  K®  centers  are  seen  in 
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Fig.  1.  Band  diagram  for  a-SiNx  showing  the  K  center  at  mid-gap 
and  the  N  center  just  above  E^.. 

as-deposited  a-SiN;^:H.  Room  temperature  UV  illu¬ 
mination  creates  many  more  centers  but  no 
centers,  contrary  to  Eq.  (2)  and  Fig.  1.  The  kinetics 
suggest  that  creation  occurs  by  charge  conver¬ 
sion, 

+K“  =2K^  (3) 

of  existing  charged,  diamagnetic  defects.  centers 

are  created  in  N-rich  nitride  by  annealing  to  over 
500°C  followed  by  UV  illumination  [2,  6].  This 
treatment  creates  only  N®  centers,  presumably  with 
the  UV  step  causing  charge  conversion  of  diamag¬ 
netic  precursors, 

N-^  -h  N“  =  2N^  (4) 

which  is  again  contrary  to  Eq.  (2), 

This  problem  was  resolved  by  UV  illuminating 
as-deposited  N-rich  nitrides  at  low  temperatures, 
IlOK,  which  is  found  to  create  both  and 
centers,  with  in  excess  [7].  This  shows  that 
N-rich  nitride  contains  precursors  of  both  K®  and 
N^  centers  and  that  the  centers  are  created  by 
a  combination  of  reactions  (2)  and  (3).  This  result 
validates  the  original  band  diagram  of  Fig.  1.  The 
N^  centers  formed  at  IlOK  are  less  stable  than 
those  formed  by  the  anneal/illumination  treatment, 
decaying  below  room  temperature,  which  is  why 
they  were  not  seen  previously.  This  suggests  that 
annealing  sharpens  the  valence  band  tail,  effectively 
deepening  the  N  DB  level  and  stabilizing  it  against 
decay  by  hole  emission. 


3.  Discussion 

We  now  consider  the  nature  of  the  individual 
centers.  Reaction  (3)  indicates  that  the  K  defect  is 
more  stable  in  its  charged,  diamagnetic  states.  In¬ 
deed,  charge  injection  can  convert  directly  to 
K“  centers,  and  back,  without  forming  the  inter¬ 
vening  K®  state  [8],  This  behavior  is  generally 
taken  as  evidence  that  the  defect  level  possesses 
a  negative  effective  correlation  energy,  U.  This 
means  that  there  is  an  effective  attraction  between 
electrons  in  the  defect  level  so  it  prefers  to  be  in  its 
empty  (K  ^ )  or  fully  occupied  (K~ )  state.  A  negative 
U  also  causes  the  K~  level  to  lie  below  the  level 
in  the  gap.  Kanicki  et  al.  [3]  recently  estimated 
U  ^  —  0.9  eV  for  the  K  center,  while  Chen  et  al, 
[9]  studied  whether  a  range  of  K  centers  exist  with 
both  positive  and  negative  U  values. 

A  negative  U  arises,  in  general,  from  a  strong 
electron-lattice  coupling  or  rebonding  at  one  of  the 
charged  centers.  However,  the  bonding  mechanism 
causing  the  negative  U  in  silicon  nitride  is  unclear. 
A  negative  U  arises  in  group  VI  elements  like  a-Se 
by  overcoordination  of  the  positive  defect  [10]. 
This  mechanism  requires  the  existence  of  non¬ 
bonding  valence  electrons  such  as  the  pn  states  of 
Se,  which  form  an  extra  bond  to  the  empty  DB 
orbital.  A  negative  U  also  needs  a  low  coordina¬ 
tion,  floppy  network  as  in  a-Se  which  can  relax 
during  rebonding.  A  more  limited  form  of  negative 
U  occurs  in  group  V  elements  like  a-As,  where  the 
valence  s  electrons  are  non-bonding.  Group  lY 
elements  like  Si  have  no  non-bonding  electrons,  so 
a-Si  has  a  positive  U. 

N  is  a  group  V  element,  so  silicon  nitride  could 
also  be  negative  U,  in  principle  (although  its  mean 
coordination  of  3.4  inhibits  easy  relaxation).  Due  to 
N’s  unusual  planar  geometry,  the  non-bonding 
electrons  are  the  N  pn  states.  However,  Robertson 
[5]  argued  that  the  steric  hindrance  which  makes 
N  planar  also  inhibits  the  bond-forming  ability  of 
the  N  p7i  orbital.  A  negative  U  is  therefore  unlikely, 
unless  steric  hindrance  is  relieved  when  N  bonds  to 
hydrogen,  as  in  =NH  or  "-NH2  groups.  Hydrogen 
also  helps  by  lowering  the  network  coordination 
[11].  These  factors  conflict  with  the  increasing 
stability  of  charged  K  centers  observed  in  nitride 
deposited  at  higher  temperatures  (Fig.  2),  whose 
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Fig.  2.  Variation  of  light-induced  and  dark  density  as 
a  function  of  deposition  temperature,  for  near-stoichiometric 
nitride.  Lines  are  drawn  as  guides  for  the  eye. 


Fluctuations 


symmetric  antisymmetric 

chemical  bonding  electric  fields 

Fig.  3.  Symmetric  and  antisymmetric  fluctuations. 


hydrogen  content  declines  rapidly.  Indeed,  a  key 
test  of  any  model  is  to  account  for  the  very  low 
fraction  of  K®  centers  in  stoichiometric,  chemical 
vapor  deposited  (CVD)  nitride  (Td  =  800°C)  [12] 
whose  hydrogen  content  is  low  (  <  3%). 

The  photocreation  of  centers  by  Eq.  (4)  imp¬ 
lies  that  N  centers  are  also  more  stable  in  their 
charged,  diamagnetic  states.  Thus,  in  this  model 
both  K  and  N  centers  need  a  negative  U.  There  are 
two  problems  with  a  negative  U  N  center.  First,  the 
would  need  to  bond  to  a  bulk  N  site  and  form 
an  N-N  bond.  This  bond  is  quite  unstable,  and  is 
not  found  in  the  bulk  (see  however  Ref.  [13]). 
Second,  the  closeness  of  the  N  DB  levels  to  Ey 
(Fig.  1)  precludes  the  energy  span  needed  for  con¬ 
figuration  coordinate  shifts  at  a  negative  U  center. 

An  alternative  model  is  that  charged  defects  arise 
from  the  effect  of  potential  fluctuations  on  defects 
of  positive  U,  Charged  defects  predominate  if  the 


fluctuation  amplitude  V  exceeds  \  U\  [14].  Fritzsche 
and  Nakayama  [15]  suggested  that  the  persistent 
photoconductivity  and  photoinduced  changes  in 
the  Urbach  tail  of  a-SiN^:H  arose  from  potential 
fluctuations. 

There  are  two  types  of  fluctuations  in  semicon¬ 
ductors  (Fig.  3):  symmetric  fluctuations  due  to 
‘compositional’  variations  between  bonding  types 
with  different  local  band  gaps  (e.g.  Si-Si  and  Si-N 
bonds)  and  antisymmetric  fluctuations  due  to 
Coulombic  fields.  Compositional  fluctuations  are 
generally  short  range  (<  10  A)  and  in  principle 
need  not  arise  in  stoichiometric  CVD  silicon  ni¬ 
tride.  We  focus  on  potential  fluctuations.  These 
could  arise  from  random  orientations  of  polar 
bonds  or  a  random  distribution  of  trapped  charges. 
The  main  effect  is  from  polar  bonds;  the  effect  of, 
say,  n  =  5  X  10^®  cm~^  charged  defects  is 

V  ^  n^^^/4KeoE, 

or  only  about  0.02  eV  for  a-SiN^c  ■  H.  Ley  et  al.  [16] 
observed  that  the  weakly  polar  Si-H  bonds  pro¬ 
duce  random  potentials  in  a-Si:H  of  order  0.3  eV. 
The  effect  is  likely  to  be  much  larger  in  a-SiN^^. :  H 
because  Si-N  bonds  are  more  polar  and  the  per- 
mitivity  is  lower.  The  Si-N  bond  is  50%  ionic, 
giving  site  charges  of  Si^'^N^'^”  [5];  for  compari¬ 
son  the  Si-O  bond  is  60%  ionic  giving 
Si2.4  +  oi-2-  deconvolved  core  spectra  of 

a-SiN^iH  are  consistent  with  FWHM  random 
potentials  of  perhaps  0.6  eV  [17].  The  random  po¬ 
tentials  are  quenched  into  a-SiN^;H  during 
deposition.  Similar  effects  could  occur  in  deposited 
a-SiO;,:H. 

The  effect  of  a  random  potential  on  a  set  of 
initially  degenerate  defect  levels  is  shown  in 
Fig.  4(a).  Defect  energy  levels  vary  according  to  the 
local  potential.  States  lying  —  (7/2  below  the  defect 
Fermi  level  Ep  become  filled  and  negatively 
charged,  while  those  lying  U/2  above  Ep  will  be 
empty  and  positive.  Charged  defects  predominate  if 
the  fluctuation  amplitude  V  exceeds  U.  The 
D“  levels  now  lie  below  D"^  levels.  The  potential 
fluctuations  on  the  K  and  N  centers  are  equal  in 
this  model.  Band  gap  UV  illumination  will  excite 
carriers  which  trap  and  neutralize  at  charged 
centers,  Fig.  4(b).  Changes  in  defect  occupancy  al¬ 
ter  the  potentials  by  only  ^5^;  0.02  eV,  much  less 
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ground  state  photo-excited 


(a)  (b) 

Fig.  4.  (a)  Defect  occupancies  in  the  presence  of  symmetric  fluc¬ 
tuations.  (b)  Defects  neutralized  afTect  photoexcitation. 

than  the  background  fluctuations,  so  defect  charges 
will  decay  back  to  their  original  states.  This  ac¬ 
counts  for  the  observed  light-induced  ESR. 

The  potential  fluctuation  model  differs  from  the 
defect  pool  model,  the  favored  model  of  dangling 
bonds  in  a-Si:H  [18].  In  the  defect  pool  model, 
defects  are  created  from  a  large  pool  of  possible 
defects  of  different  energy  levels.  Defects  of  all  three 
charge  states  are  formed  and  charged  defects  slight¬ 
ly  outnumber  neutral  defects  for  the  model  para¬ 
meters  presently  used  for  a-Si:H  [19].  The  models 
are  similar  in  that  a  random  potential  can  place  the 
level  above  the  level  for  a  positive 

U  center  [14,  18].  The  models  differ  in  that  the 
number  of  defects  is  fixed  in  the  fluctuation  model 
but  variable  in  the  defect  pool  model. 

4.  Conclusions 

In  conclusion,  the  stability  of  K  centers  and 
N  centers  in  their  charged,  diamagnetic  states  can 
be  attributed  to  the  effects  of  static  charge  fluctu¬ 
ations,  and  photoexcitation  of  and  N®  states  has 
been  found  to  occur  by  both  charge  conversion  of 
each  center  and  charge  transfer  between  centers. 


The  portion  of  this  work  performed  at  SNL  was 
supported  by  US  DOE  under  contract  DE-AC04- 
94AL85000. 
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Abstract 

The  influence  of  high  temperature  treatments  in  a  nitrogen  ambient  at  temperatures  1000  and  1100°C  and  in  water 
vapor  at  900, 1000,  and  1 100°C  for  270  and  720  min  on  the  structure,  on  the  morphology  and  on  the  electrical  properties 
of  LPCVD  Si3N4  layers  has  been  investigated.  The  Si3N4  layers  have  been  deposited  by  the  LPCVD  technique  using  the 
composition  SiH2Cl2-NH3.  The  presence  of  a  crystalline  phase  of  a-Si3N4  has  been  established  after  270  min  annealing 
at  lOOO^C  in  water  ambient.  A  sharp  change  of  the  surface  morphology  of  the  layers  has  been  observed  after  wet  etching 
in  40%  HF  for  10  s. 


1.  Introduction 

Si3N4  layers  are  often  used  in  modern  micro¬ 
electronic  devices  and  integrated  circuits.  During 
the  technological  fabrication  of  the  devices  the 
Si3N4  layers  are  subjected  to  high  temperature 
treatments.  These  high  temperature  treatments 
change  the  morphology,  the  structure  and  the 
electrophysical  properties  of  the  layers.  The 
detailed  analysis  of  the  effect  of  high  temperature 
treatments  on  LPCVD  Si3N4  layers  is  important 
from  the  application  point  of  view  as  well  as  for  the 
establishment  of  the  physico-chemical  properties  of 
the  layers.  In  some  recent  investigations  it  has  been 
reported  that  vacuum  annealing  at  900-~950°C  still 
retains  the  amorphous  structure  of  the  layers  but 
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annealing  at  1000°C  and  above  leads  to  the 
formation  of  ot  and  [3  modified  Si3N4  [1].  The 
alkaline  impurities  (Li,  Na,  K)  do  not  enhance  the 
process  of  crystallization.  It  is  also  established  that 
annealing  in  an  oxygen  ambient  does  not  enhance 
the  crystallization,  but  if  the  concentration  of 
oxygen  in  the  carrier  gas  (N2)  is  of  the  order  of 
5  ppm  the  deposited  layer  has  larger  grains  in 
comparison  to  the  case  of  1  ppm  oxygen  con¬ 
centration  [2].  In  the  case  of  SiN  silicon-rich  layer 
deposition  a  crystalline  phase  is  observed  at  the 
beginning  of  the  deposition  process  [3]. 

In  this  work  we  report  morphological  investi¬ 
gations  of  Si3N4  layers  obtained  by  the  LPCVD 
technique  annealed  at  high  temperatures  in  N2  and 
in  H2O  vapor.  All  layers  are  etched  in  40%  HF  for 
10  s.  The  grain  size  distribution  of  the  layers  is 
analyzed  before  and  after  high  temperature 
annealing.  It  is  established  that  crystalline  inclu¬ 
sions  with  a  typical  size  of  300  nm  are  observed 
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Fig.  2.  Morphology  of  an  LPCVD  Si3N4.  layer  annealed  for  270  min  in  N2  at  lOOO'C  (magnification  x  50000). 
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after  wet  etching  of  the  layers  annealed  in  an 
oxygen  ambient. 

2.  Experimental  procedure 

For  the  experiments  n-type  silicon  wafers  (100) 
oriented,  4-6  Q  cm,  have  been  used.  The  wafers 
were  cleaned  in  deionized  water.  Prior  to  this 
cleaning,  the  native  silicon  oxide  was  removed  by 
1  min  treatment  in  HF :  H2O  (1 : 10)  solution. 

Si3N4  deposition  has  been  performed  in  an 
industrial  type  LPCVD  reactor  at  a  temperature 
Tdep  ^  780°C,  in  a  gas  mixture  of  SiH2Cl2  and 
NH3  (1:3).  The  working  pressure  in  the  reactor 
chamber  was  550  mTorr,  the  deposition  rate 
70  A/min,  and  the  thickness  of  the  layers  3000  A. 

After  deposition  the  samples  were  separated  in 
two  batches.  The  first  batch  was  annealed  in 
a  nitrogen  ambient  at  1000°C,  270  min;  1100*^C, 
270  min;  1100°C,  720  min.  The  second  batch  was 
treated  in  a  water  vapor  ambient  under  the 
following  conditions:  900°C,  720  min;  lOOO^C, 
720  min;  1100°C,  270  min.  The  wafers  were 
investigated  by  TEM  (Hitachi-HUllA)  with  a 
resolution  of  7  A  and  a  beam  energy  of  75  keV.  The 
morphology  was  studied  by  C-sampling.  The 
thickness  of  the  carbon  layer  was  15  A.  The 
electrical  characteristics  of  the  layers  were  deter¬ 
mined  by  the  high  frequency  1  MHz  C-V  tech¬ 
nique. 


3.  Results 

The  morphology  of  the  Si3N4  layer  after  the 
deposition  is  shown  in  Fig.  1.  It  may  be  seen  that 
the  as-deposited  layer  is  homogeneous,  having 
clusters  with  a  density  of  280xl0^cm"^.  The 
cluster  size  is  in  the  range  20-30  nm. 

An  electron  micrograph  of  the  Si3N4  layer 
annealed  in  nitrogen  at  1000°C  for  270  min  is 
shown  in  Fig.  2.  The  roughness  of  the  surface  is 
larger  in  comparison  to  that  of  the  as-deposited 
layers  and  to  that  of  the  samples  annealed  at 
1100°C.  The  pits  have  a  depth  of  70-80  nm.  An 
electron  micrograph  of  Si3N4  layers  annealed  at 
1100°C  in  N2  is  shown  in  Fig.  3. 


The  surface  morphology  of  the  layers  annealed  in 
a  water  vapor  ambient  changes  considerably  for  all 
annealing  temperatures.  The  roughness  is  signifi¬ 
cantly  larger,  the  depth  of  the  pits  being  of  the  order 
of  10-100  nm.  A  typical  electron  micrograph  of  a 
sample  annealed  at  1100°C  for  270  min  is  shown 
in  Fig.  4.  Fig.  5  presents  the  electron  micrograph  of 
the  N2  1000°C  annealed  sample. 

The  morphology  of  the  samples  etched  in  40% 
HF  for  10  s  is  presented  in  Figs.  6  and  7.  In  both 
micrographs  the  presence  of  crystalline  inclusions 
with  size  200-290  nm  may  be  clearly  seen. 


4.  Discussion 

The  presence  of  cluster  inclusions  with  size 
20-30  nm  and  density  280  x  10^  cm"^  observed  in 
the  as-deposited  samples  is  most  likely  due  to  the 
microscopic  local  fluctuation  of  the  active  gas  near 
the  substrate  determined  by  some  morphological 
inhomogeneities  at  the  substrate  surface.  The 
presence  of  surface  roughness  determines  chemi¬ 
cally  active  centers  at  which  the  deposition  rate 
changes. 

The  homogenization  of  the  surface  after  1100°C 
N2  annealing  for  270  and  720  min  shows  that  this 
process  depends  mainly  on  the  annealing  temp¬ 
erature.  The  roughening  of  the  surface  after  water 
vapor  annealing  is  due  to  the  oxidation  of  the 
Si3N4  surface.  The  oxidation  is  faster  for  the 
agglomerated  regions  which  have  larger  surface. 

All  layers  show  amorphous  structure  before  and 
after  annealing.  The  layers  annealed  in  H2O  show 
the  presence  of  crystalline  inclusions.  The  obser¬ 
vation  of  crystalline  inclusions  after  HF  etching  is 
possible  because  of  the  slower  etching  rate  of  the 
crystal  phase.  The  10  s  etching  of  the  layers  in  40% 
HF  has  effect  only  on  the  amorphous  phase  of  the 
layers.  The  presence  of  a  crystal  phase  in  the  etched 
layers  is  also  confirmed  by  the  electronographic 
analysis.  A  good  correlation  between  the  available 
data  about  the  inter-plane  distances  and 
electronographic  lines  (Figs.  6  and  7)  may  be 
established. 

In  addition  to  the  morphological  investigations, 
the  C-V  curves  of  LPCVD  Si3N4  layers  were 
measured.  The  measurements  show  that  before 
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Fig.  3.  Morphology  of  an  LPCVD  layer  annealed  for  720  min  in  N2  at  1 100  C  (magnification  x  50000). 


Fig.  4.  Morphology  of  an  LPCVD  layer  annealed  for  270  min  in  H2O  at  1  lOO'C  (magnification  x  50000). 
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Fig.  7.  Morphology  of  an  LPCVD  layer  annealed  for  270  min  in  H2O  at  1000  C  and  etched  in  40%  HF  for  10  s  (magnifica¬ 
tion  X  50000). 


annealing  the  properties  of  LPCVD  layers  are 
comparable  to  those  of  thermal  CVD  layers  [4,5]. 
The  relative  dielectric  constant  of  the  layers  may  be 
calculated  from  the  capacitance  of  the  metal-Si3N4 
n-silicon  structure,  measured  under  accumulation 
condition.  The  thicknesses  of  the  deposited  layers 
are  known  from  ellipsometric  measurements.  The 
relative  dielectric  constant  is  of  the  order  of  4.5  for 
as-deposited  samples  and  increases  after  high 
temperature  annealing  at  llOO^'C  to  5.5.  900"C 
annealing  has  almost  no  effect  on  the  dielectric 
constant.  The  electrical  charges  distributed  in  the 
metal-LPCVD  Si3N4  n-silicon  structures  may  be 
analyzed  from  the  shape  of  the  C-V  curves.  The  flat 
band  voltage  shift  (ALf^)  toward  negative  values 
along  the  voltage  axis  shows  the  presence  of 
positive  charges.  ALps  of  as-deposited  LPCVD 
SiN.^  layers  is  of  the  order  of  7  V,  which  is 
equivalent  to  the  presence  of  2.41  x  10^ ^  cm“- 
positive  charges  in  the  structure.  AKpB  depends  on 
the  annealing  ambient  and  on  the  annealing 
temperature.  Up  to  lOCO^'C  the  annealing  in  an 


H2O  ambient  leads  to  a  slight  decrease  of  ALpe- 
Obviously  this  decrease  is  due  to  the  increase  of  the 
negatively  charged  bulk  and  surface  traps,  because 
it  is  accompanied  with  a  decrease  of  the  C-V  curves 
slope.  A  slight  increase  of  the  leakage  current  is  also 
a  feature  of  the  water  vapor  annealed  wafers.  An 
increase  of  the  water  vapor  annealing  temperature 
to  llOO'C  leads  to  a  sharp  drop  of  the  leakage 
current  and  an  increase  of  the  AKp^  to  16.6  V.  The 
effect  is  due  to  the  penetration  of  water  molecules 
to  the  Si-Si02  interface  and  to  subsequent 
oxidation  of  the  silicon  substrate. 

Nitrogen  annealing  has  a  different  effect  on  the 
electrical  properties  of  metal-Si3N4  n-silicon 
structures.  The  observed  decrease  of  the  slope  of  the 
C-V  curves  shows  that  the  density  of  negatively 
charged  traps  decreases.  This  is  not  accompanied 
with  the  annealing  of  the  positive  charges  -  the 
measured  AUpp,  which  is  the  net  result  of  the  sum 
of  positive  and  negative  charges,  continuously  in¬ 
creases  from  —  9  V  for  unannealed  samples  to 
—  IIV  for  the  ones  annealed  at  llOO^'C.  The 
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leakage  currents  for  the  N2  high  temperature 
annealed  samples  are  far  less  than  the  leakage 
currents  of  the  water  vapor  annealed  samples. 


5.  Conclusion 

The  high  temperature  annealing  of  LPCVD 
Si3N4  layers  in  an  N2  ambient  leads  to  a 
homogenization  of  the  layers,  to  a  reduction  of  the 
leakage  currents,  and  to  an  increase  of  the  dielectric 
constant  of  the  layers.  The  high  temperature 
annealing  in  water  vapor  ambient  changes 
considerably  the  surface  of  the  layers  in 
comparison  to  the  as-deposited  layers,  giving  as 
a  result  a  rougher  surface  and  higher  leakage 
currents.  The  presence  of  aSi3N4  crystalline  inclu¬ 
sions  was  observed  after  llOO'^C  annealing  in  H2O 
ambient. 


This  work  has  been  supported  by  the  Bulgarian 
Ministry  of  Science  and  Education  under  contract 
4>326  and  ^73. 
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Abstract 

In  the  present  work,  a  comparison  between  infrared  spectroscopy  (IR)  and  hydrogen  forward  scattering  (HFS)  results  is 
presented.  The  hydrogen  content  has  been  calculated  in  terms  of  number  of  atoms/cm^  using  the  Lanford  and  Rand 
absorption  cross-section  values,  and  as  absolute  atomic  percentage.  The  total  atomic  density  value  has  been  evaluated 
from  density  measurements  (relative  error  less  than  4%)  obtained  by  weighing  the  sample  before  and  after  the  deposition. 
The  relative  error  of  the  H  content  is  less  than  15%  for  IR  measurements  (calculated  through  the  propagation  law)  and 
about  10%  for  HFS  results.  These  two  techniques  have  been  found  to  be  in  good  agreement  within  experimental  errors. 
A  second  finding  is  that  deposition  temperature  strongly  influences  the  total  H  content  while  no  significant  dependence 
with  rf  power  density  and  NH3/SiH4.  ratio  has  been  observed.  The  NH3/SiH4  ratio  is  strictly  related  to  [Si-H]  and 
[N-H]  bond  concentrations. 


1.  Introduction 

Amorphous  hydrogenated  silicon  nitride  (a- 
SiN.c-H)  films  deposited  by  plasma-enhanced 
chemical  vapour  deposition  (PECVD)  are  used  for 
several  applications  in  electronic  and  optoelec¬ 
tronic  device  technology  (interlayer  insulation,  de¬ 
vice  passivation,  mechanical  protection)  [1-9]. 

For  these  applications  SiN^:H  films  must  fulfill 
stringent  requirements  such  as  high  dielectric 
strength,  excellent  adhesion  and  absence  of  ‘holes’ 
or  ‘bubbles’.  These  and  other  characteristics  are 
strongly  influenced  by  the  hydrogen  (H)  content. 
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Several  techniques  can  be  used  to  measure  the 
H  content,  such  as  nuclear  reaction  analysis,  in¬ 
frared  (IR)  spectroscopy  and  hydrogen  forward 
scattering  (HFS).  Each  of  these  presents  some  ad¬ 
vantages  and  some  critical  aspects. 

In  particular,  IR  spectroscopy  is  widely  available 
and  easy  to  use  but  requires  a  careful  spectra  inter¬ 
pretation  in  order  to  obtain  reliable  quantitative 
results. 

In  1978  Lanford  and  Rand  [10]  published  for  the 
first  time  a  method  to  obtain  quantitative  H  analy¬ 
sis  in  a-SiNj^.  :H  films  using  this  technique.  They 
showed  that  the  total  density  of  H  bonds  can  be 
calculated  by  the  equation 

H  (bonds/cm  )  =  1.4 - 1 - , 

-  H  <^Si  -  H 
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where  AreaN-H,  Areasi-n  the  areas  of  the  N-H 
and  Si-H  stretching-mode  absorption  peaks  and 
cTsi-H  are  the  absorption  cross-sections,  re¬ 
spectively.  The  1.4  factor  and  the  cross-section 
values  were  obtained  from  a  calibration  with  nu¬ 
clear  reaction  analysis. 

Since  then,  many  authors  calculated  the  H  con¬ 
tent  using  the  following  expression: 


//(bonds/cm^)  = 


H 


+  Ksi- 


da, 

CO  /n-H 


where  co  is  the  wave  number  of  the  peak  centre  and 
K^-u  and  K^i-n  are  proportionality  factors.  For 
these  constants,  several  couples  of  values  have  been 
reported  up  to  now  [11-17]. 

These  facts  suggest  that  an  accurate  calibration 
should  be  performed  for  each  specific  deposition 
equipment  in  order  to  obtain  reliable  quantitative 
measurements  of  the  amount  of  H  using  IR  spec¬ 
troscopy. 

In  this  work  we  adopted  IR  and  HFS  techniques: 
the  former  for  the  reasons  mentioned  above,  the 
latter  because  of  its  quantitative  analysis  capability. 

The  IR  spectra  have  been  interpreted  using  the 
Lanford  and  Rand  method. 


2.  Experimental  procedures 

a-SiN;,:H  films  have  been  deposited  in  a 
13.56  MHz  PECVD  Vacutec  1523  equipment  using 
SiH4  and  NH3  pure  gases. 


The  chamber  has  been  cleaned  after  each  depos¬ 
ition  with  a  plasma  of  CF4  and  O2  at  room  temper¬ 
ature  (chamber  pressure  p  =  500  mTorr,  rf  power 
density  P  =  0.600  W/cm^,  CF4  flow:  43  seem, 
O2  flow:  10  seem). 

An  a-SiN;c‘  H  layer  of  about  1000  A  has  been  pre¬ 
deposited  before  each  run  in  order  to  have  the  same 
initial  conditions  before  each  deposition  (deposition 
temperature  T  =  350°C,  p  =  300  mTorr,  P  =  0.16 
W/cm^,  SiH4  flow:  10  seem,  NH3  flow:  90  seem). 

Seven  samples  have  been  deposited  on  (1  00)  Si 
substrates  under  the  deposition  conditions  shown 
in  Table  1.  Thickness  values  represent  the  mean  of 
at  least  10  measurements  obtained  on  different 
sample  points  with  a  profilometer  (Tencor  a-step 
200).  Specimens  1  and  7  have  been  properly  treated 
in  order  to  force  the  H  amount  to  extreme  concen¬ 
tration  values  (annealing  for  1  h  at  700°C  under 
vacuum  and  T  =  150°C,  respectively).  Different 
pieces  of  each  sample  have  been  analyzed  by  IR 
spectroscopy  (IR  spectrophotometer  Perkin  Elmer 
683)  and  Hydrogen  forward  scattering  (HFS)/ 
Rutherford  back  scattering  (RBS)  (Evans  and  Asso¬ 
ciates  Labs)  in  order  to  measure  the  H  content  and 
the  Si  and  N  percentages. 

Film  density  (p)  has  been  evaluated  by  weighing 
the  sample  before  and  after  the  deposition.  We 
made  sure  to  remove  the  a-SiNj, :  H  deposited  on 
the  edges  and  under  the  substrate  by  masking  accu¬ 
rately  the  sample  surface  with  wax  and  etching  it 
briefly  in  49%  hydrofluoric  acid  (HF).  Using  this 
technique,  density  measurements  with  a  relative 
error  less  than  4%  (calculated  through  the  error 
propagation  law  [21])  have  been  obtained. 


Table  1 

Deposition  conditions  for  the  samples  used  to  perform  the  comparison  between  IR  and  HFS/RBS  results 


Sample 

Thickness 

(A) 

Deposition 

temperature 

(°C) 

Annealing 

temperature 

(°C) 

NH3/SiH4 
flow  ratio 

Total  flow 
(seem) 

Pressure 

(mTorr) 

RF  power 

density 

(W/cm^) 

1 

2475 

350 

700 

4 

100 

300 

0.12 

2 

3021 

350 

No  annealing 

2 

100 

300 

0.12 

3 

2475 

350 

No  annealing 

4 

100 

300 

0.12 

4 

2803 

350 

No  annealing 

19 

100 

300 

0.12 

5 

2375 

350 

No  annealing 

9 

100 

300 

0.16 

6 

3297 

350 

No  annealing 

5 

100 

300 

0.12 

7 

2767 

150 

No  annealing 

9 

100 

300 

0.16 
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A  second  set  of  samples,  different  from  the  one 
described  in  Table  I,  have  been  deposited  keeping 
constant  p  (300mTorr),  T  (SSO^'C)  and  the  total 
flow  (100  seem)  and  varying  P  and  the  NH3/SiH4 
ratio  {R)  from  0.04  to  0.2  W/cm^  and  from  2  to  19, 
respectively. 


3.  Results  and  discussion 

The  hydrogen  content  has  been  calculated  in 
terms  of  number  of  atoms/cm^  ([H])  using  the 
Lanford  and  Rand  absorption  cross-section  values, 
and  as  absolute  atomic  percentage  ([H%]).  The 
total  atomic  density  value  ([at])  necessary  for  de¬ 
termining  [H%]  has  been  measured  by  RBS  or 
calculated  from  the  film  density  (p)  and  the 
[Si]/[N]  ratio  (k)  according  to  the  following  equa¬ 
tions: 

[at]  =  [H]  +  [Si]  +  [N]  ; 

Assuming  that  all  N  atoms  are  bonded  to  Si  we 
have 

[N]  =  [SiN]  and  so  [Si]  =  /c[SiN]  ; 
the  film  density  p  is  given  by 
[SiN]SiN  -h  [H]H 

In  each  molecule  of  SiN  there  is  one  atom  of  N  and 
k  of  Si,  so  the  molecular  weight  of  SiN  is 

SiN  =  /cSi  -h  N  . 

Here,  SiN,  Si,  N,  H  are  the  molecular  or  atomic 
weights  of  the  species.  Symbols  between  square 
brackets  indicate  the  molecular  and  atomic  densit¬ 
ies.  No  is  the  Avogadro’s  number.  The  parameter 
k  has  been  measured  by  RBS  and  [H]  by  IR. 

Fig.  1  shows  the  [at]  values  obtained  by  these 
two  methods.  The  two  sets  of  data  are  in  agreement 
within  the  experimental  errors  (less  than  15%  for 
both  techniques). 

The  comparison  between  [H%]  measured  by 
HFS/RBS  and  IR  spectroscopy  is  shown  in  Fig.  2. 
IR  [H%]  has  been  determined  using  the  [at]  value 
obtained  from  p  and  k  parameters. 


The  relative  error  of  the  H  content  is  less  than 
15%  for  IR  measurements  (calculated  with  the 
propagation  law)  and  about  10%  for  HFS  results. 
The  results  are  in  good  agreement  within  the  ex¬ 
perimental  errors. 

From  Fig.  2  data  we  can  also  see  that  the  temper¬ 
ature  strongly  influences  the  total  H  content: 
sample  1  (deposited  at  T  =  350''C  and  sub¬ 
sequently  annealed  at  TOO^C  under  vacuum  for  1  h) 
has  the  lowest  H  percentage  (about  15%).  Sample 
7(7=1 50X)  contains  about  40%  of  H.  Sample  5, 
directly  comparable  to  sample  7,  except  the  depos¬ 
ition  temperature,  has  an  H  percentage  value  of 
26%.  All  the  other  samples  (T  =  350°C)  present 
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Fig.  1.  Comparison  between  total  atomic  density  values  ob¬ 
tained  from  RBS  analysis  and  film  density  measurements. 


Fig.  2.  Absolute  H  percentage  in  SiN^^:  H  films  evaluated  by  IR 
and  HFS  techniques.  SiN^^iH  films  have  been  deposited  using 
deposition  conditions  of  Table  1.  Sample  1  has  been  annealed  at 
700'C  for  60  min,  T  was  350'C  where  not  otherwise  specified. 
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a  small  variation  of  [H%]  (from  25  to  30%),  even 
though  R  and  P  have  been  varied  from  2  to  19  and 
from  0.12  to  0.16,  respectively. 

In  order  to  examine  these  aspects  thoroughly, 
H  content  has  been  measured  on  the  second  set  of 
samples  using  IR  spectroscopy  only.  Figs.  3  and 
4  show  the  total  amount  of  H  and  the  percentage  of 
H  atoms  bound  to  Si  or  N  versus  the  NH3/SiH4 
flows  ratio  and  the  RF  power  density. 

These  data  confirm  that  no  significant  depend¬ 
ence  of  the  total  H  content  with  RF  power  density 
and  NH3/SiH4  ratio  exists. 

In  the  range  explored,  the  [Si-H]  and  [N-H] 
bond  concentrations  are  not  influenced  by  rf  power 
density  value. 
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On  the  other  hand,  the  [Si-H]  and  [N-H]  bond 
concentrations  are  strictly  related  to  NH3/SiH4 
ratio:  higher  the  SiH4  concentration,  higher  the 
probability  that  the  H  is  incorporated  bonded  to  Si 
atoms  as  a  consequence  of  the  partial  dissociation 
of  the  SiH4  molecule. 

These  results  agree  with  those  reported  in  the 
literature  [10,18-20]. 


4.  Conclusions 

Hydrogen  content  of  a-SiN^^ :  H  films  deposited 
by  PECVD  has  been  measured  by  means  of  IR  and 
HFS/RBS  analysis.  The  results  obtained  with  these 
two  techniques  are  in  good  agreement  within  the 
experimental  errors  (less  than  15%  and  10%  for  IR 
and  HFS/RBS  results,  respectively). 

Based  on  this  agreement,  H  content  has  been 
measured  on  other  samples  using  IR  spectroscopy 
only. 

The  main  finding  is  that  deposition  temperature 
strongly  influences  the  total  H  content  while  a  sig¬ 
nificant  dependence  on  rf  power  density  and 
NH3/SiH4  ratio  has  not  been  observed. 

[N-H]  and  [Si-H]  bond  concentrations  are  dir¬ 
ectly  and  inversely  proportional  to  NH3/SiH4  ra¬ 
tio,  respectively. 


Fig.  3.  [H],  [N~H]  and  [Si-H]  bonds  versus  NH3/SiH4  ratio. 
Deposition  conditions:  p  =  300  mTorr,  T  =  350°C,  rf  power 
density  =0.12  W/cm^  total  flow  =  100  seem. 


The  author  would  like  to  thank  C.  Papuzza  and 
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the  useful  discussions. 
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Fig.  4.  [H],  [N-H]  and  [Si-H]  bonds  versus  rf  power  density. 
Deposition  conditions:  p  =  300  mTorr,  T  =  350°C,  NH3/ 
SiH4  =  9,  total  flow  =  100  seem. 


References 

[1]  J.T.  Milek,  ed.,  Handbook  of  Electronic  Materials,  Vol.  3, 
Silicon  Nitride  for  Microelectronic  Applications,  Part  I: 
Preparation  and  Properties  (Plenum,  New  York,  1971). 

[2]  J.T.  Milek,  ed.,  Handbook  of  Electronic  Materials,  Vol.  6, 
Silicon  Nitride  for  Microelectronic  Applications,  Part  II: 
Application  and  Devices  (Plenum,  New  York,  1972). 

[3]  A.  Hashimoto,  M.  Kobayashi,  T.  Kamijoh,  H.  Tanako  and 
M.  Sakuta,  J.  Electrochem.  Soc.  133  (1986)  1464. 

[4]  C.J.  DeirOca  and  M.L.  Barry,  Solid  State  Electron.  15 
(1972)  659. 

[5]  P.M.  Petroff,  G.A.  Rozgony  and  T.T.  Sheng,  J.  Elec¬ 
trochem.  Soc.  123  (1976)  565. 

[6]  M.J.  Helix,  K.V.  Vaidyanathan,  B.G.  Streetman,  H.B.  Die¬ 
trich  and  P.K.  Chatterjee,  Thin  Solid  Films  55  (1978)  143. 


312 


G.  Morelia  j  Journal  of  Non-CfystalUne  Solids  187  (1995)  308-512 


[7]  E.Y.  Chang,  G.T.  Cibuzar,  T.K.  Yard  and  K.P.  Pande, 
Mater.  Res.  Soc.  Symp.  Proc.  126  (1988)  271. 

[8]  A.  Picciriilo  and  A.L.  Gobbi,  J.  Electrochem.  Soc.  137 
(1990)  3910. 

[9]  R.  Audino,  F.  Cannistraci,  G.  Morello  and  P.  Valenti, 
these  Proceedings,  p.  477. 

[10]  W.A.  Lanford  and  M.J.  Rand,  J.  Appl.  Phys.  49  (1978) 
2473. 

[11]  S.  Hasegawa,  L.  He,  Y.  Amano  and  T.  Inokuma,  Phys. 
Rev.  B48  (1993)  5315. 

[12]  J.  Campmany,  E.  Bertan,  J.L.  Andujar,  A.  Canillas,  J.M. 
Lopez-Villegas  and  J.R.  Morante,  Mater.  Res.  Soc.  Symp. 
Proc.  258  (1992)  643. 

[13]  B.  Reynes,  C.  Ance,  J.P.  Stoquert  and  J.C.  Bruyere,  Thin 
Solid  Films  203  (1991)  87. 


[14]  E.  Bustarret,  M.  Bensouda,  M.C.  Habrard,  J.C.  Bruyere, 
S.  Poulin  and  S.C.  Gujrathi,  Phys.  Rev.  B38  (12) 
(1988)  38. 

[15]  A.C.  Adams,  Solid  State  Technol.  26  (4)  (1983)  135. 

[16]  V.J.  Kapoor,  R.S.  Bailey  and  H.J.  Stein,  J.  Vac.  Sci.  Tech¬ 
nol.  A1  (1983). 

[17]  T.  Makino,  J.  Electrochem.  Soc,  130  (1983)  450. 

[18]  W.A.P.  Classen,  H.A.J.Th.  v.d.  Pol,  A.H.  Goemans  and 
A.E.T.  Kuiper,  J.  Electrochem.  Soc.  133  (1986)  1458. 

[19]  H.  Watanabe,  K.  Katoh  and  S.I.  Imagi,  Thin  Solid  Films 
136  (1986)  77. 

[20]  H.  Dun,  P.  Pan,  F.R.  White  and  R.W.  Douse,  J.  Elec¬ 
trochem.  Soc.  128  (1981)  1555. 

[21]  J.R.  Taylor,  An  Introduction  to  Error  Analysis  (Mill  Val¬ 
ley  (US)  University  Science  Books,  1982). 


ELSEVIER 


JOURNA L  or 

NON-CRYSTALLINE  U 


Journal  of  Non-Crystalline  Solids  187  (1995)  313-318 


Bias  stress  studies  of  a-SiN :  H/a-Si :  H  MIS  structures  from 
quasistatic  capacitance  measurements 

J.  Reynaud,  J.P.  Kleider,  D.  Mencaraglia* 

Laboratoire  de  Genie  Electrique  de  Paris  (LGEP,  URA  127  CNRS),  Ecole  Superieure  d’Electricite,  Universites  de  Paris  VI  et  Paris  XI, 

Plateau  de  Moulon,  91 192  Gif-sur-Yvette  cedex,  France 


Abstract 

Quasistatic  capacitance  measurements  are  used  to  study  the  effect  of  thermal  bias  annealing  where  small  gate  bias 
stresses  ranging  from  —  5  V  to  +  6  V  are  applied  at  200°C  for  15  min  on  top  nitride  amorphous  silicon-silicon  nitride 
MIS  structures.  After  negative  gate  bias  stresses,  the  C{V q)  curves  (capacitance  versus  gate  bias)  are  found  to  be  slightly 
shifted  towards  negative  voltages  and  their  shape  is  altered.  The  minimum  of  the  C(Vq)  curves  increases  with  the  stress 
amplitude  indicating  the  creation  of  defects  in  the  probed  energy  range.  After  positive  gate  bias  stresses,  C(Vq)  curves  are 
shifted  towards  positive  voltages  without  showing  any  significant  shape  changes.  This  indicates  either  that  negative 
charges  have  been  injected  into  the  insulator,  or  that  negatively  charged  defects  have  been  created  in  the  a-Si :  H  layer  (or 
at  the  a-Si:H/nitride  interface)  outside  the  probed  energy  range  (0.15-0.65  eV  below  the  conduction  band  edge).  The 
results  can  be  qualitatively  described  by  changes  in  the  defect  distribution  in  agreement  with  what  is  expected  in  the 
framework  of  the  defect  pool  model. 


1.  Introduction 

Hydrogenated  amorphous  silicon  is  an  impor¬ 
tant  material  for  commercial  applications  in  large- 
area  electronics,  in  particular  in  active  matrix 
liquid-crystal  displays.  In  these  displays,  the  active 
element,  usually  a  thin-film  transistor  (TFT),  is 
submitted  to  relatively  high  gate  biases  (low  duty 
cycle  pulsed)  and  strong  illumination  during  opera¬ 
tion.  This  can  cause  threshold  voltage  instabilities, 
which  have  been  actively  studied  in  the  last 
few  years.  Two  mechanisms  can  account  for  the 


*  Corresponding  author.  Tel; +33-1  69  85  16  44.  Telefax: 
+  33-1  69  41  83  18.  E-mail:  mencaraglia@lgep.supelec.fr. 


threshold  voltage  shifts  observed  after  gate  bias 
stresses:  charge  trapping  in  the  gate  insulator  and 
creation/removal  of  localized  states  in  the  gap  of 
the  semiconductor  [1-4].  The  gate  bias  stress  in¬ 
duced  metastabilities  have  been  generally  studied 
through  electrical  characterization  of  the  TFTs,  and 
only  little  work  has  made  use  of  the  capacitance  of 
MIS  structures.  In  this  paper,  we  show  that  quasis¬ 
tatic  capacitance  measurements  on  MIS  structures 
can  also  be  very  helpful  in  the  study  of  stress  induced 
metastabilities.  Since  the  predominance  of  charge 
trapping  seems  to  be  agreed  at  high  gate  bias  stres¬ 
ses,  we  focus  on  the  effect  of  low  gate  bias  stresses, 
for  which  the  results  reported  in  the  literature  are 
still  a  matter  of  controversy. 
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2.  Experimental  procedure 

The  MIS  structures  used  in  our  study  were  fab¬ 
ricated  in  the  top  gate  configuration  at  CNET  [5]. 
Three  layers  of  4  nm  thick  n  +  doped  a-Si :  H,  1  pm 
thick  intrinsic  a-Si:H  and  100  nm  thick  silicon 
nitride  were  successively  deposited  at  a  substrate 
temperature  of  ISO'^C  by  plasma  enhanced  chem¬ 
ical  vapor  deposition  (PECVD)  on  a  glass  substrate 
covered  with  ITO.  Finally,  aluminum  was  depos¬ 
ited  and  patterned  to  form  the  gate  electrode.  The 
area  of  the  MIS  capacitance  is  S  =  7.85  x 
10'"  cm^ 

These  structures  were  submitted  to  thermal  bias 
annealing  treatments.  Low  gate  bias  stresses 
ranging  from  Vq  =  — 5Vto  -f6Y  were  applied 
to  these  structures  at  200°C  for  a  duration  of 
15  min.  These  gate  biases  correspond  to  a  maxi¬ 
mum  induced  charge  density  Q  {Q  =  Ci/qS,  Cf 
being  the  insulator  capacitance  and  q  the  absolute 
value  of  the  electronic  charge)  equal  to 
2x10^"  cm”".  The  high  bias  annealing  temper¬ 
ature  was  chosen  to  facilitate  the  reequilibration  of 
the  defects  in  a-Si:H.  The  structures  were  then 
cooled  down  rapidly  (about  l°C/s)  to  O'^C,  with  the 
gate  bias  stress  still  applied.  Then  the  quasistatic 
capacitance  C  was  recorded  as  a  function  of  the 
bias  Fg  at  SO^'C.  This  temperature  was  found  high 
enough  to  obtain  a  true  quasistatic  curve  in  a  rea¬ 
sonable  measurement  time  and  low  enough  to 
avoid  partial  annealing  effects.  We  also  limited  the 
bias  range  in  order  to  avoid  charge  injection  effects 
which  could  be  produced  during  recording,  and  to 
limit  the  leakage  currents  at  very  low  levels 
(  <  0.05  pA).  After  each  bias-stress  and  C(Fg)  re¬ 
cording  sequence,  the  MIS  structures  were  an¬ 
nealed  at  200°C  for  20  min  under  zero  bias.  We 
checked  that  the  bias-stressed  MIS  structure  re¬ 
covered  the  unstressed  C(Fg)  curves  after  such 
a  zero  bias  annealing.  Additional  conductance 
measurements  as  a  function  of  temperature  and 
gate  bias  were  performed,  in  the  annealed  state,  on 
top  gate  TFTs  processed  in  the  same  way  as  the 
MIS  devices  [5].  The  deduced  activation  energy  is 
an  estimate  of  the  position  of  the  Fermi  level  rela¬ 
tive  to  the  conduction  band  edge  at  the  interface, 
which  helped  us  in  the  determination  of  the  energy 
range  probed  in  the  quasistatic  capacitance 


v,  (V) 


Fig.  1.  Quasistatic  capacitance  C  versus  gate  voltage  Vq  after 
negative  and  positive  bias  stress  annealing,  (a)  and  (b)  respective¬ 
ly.  The  curves  are  labelled  according  to  the  gate  bias  stress  value. 


measurements,  as  presented  in  the  following  sec¬ 
tion. 


3,  Results 

Figs.  1(a)  and  (b)  shows  the  quasistatic  capaci¬ 
tance  of  the  MIS  structures  obtained  after  negative 
and  positive  thermal  bias  annealing  (200°C),  res¬ 
pectively.  Positive  bias  stresses  shift  the  quasistatic 
C(Fg)  curve  towards  higher  voltages,  the  shift  am¬ 
plitude  being  approximately  equal  to  the  bias 
stress.  The  shape  of  the  curves  is  not  modified  and 
the  minimum  of  the  capacitance  is  practically  al¬ 
ways  the  same  except  after  the  6  V  stress  where  the 
minimum  of  the  capacitance  slightly  increases 
(from  240  pF  to  260  pF).  Negative  bias  stresses  shift 
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Fig.  2.  Experimentally  derived  activation  energy  of  the  con¬ 
ductance  of  TFTs  as  a  function  of  the  gate  voltage  Vq. 


the  quasistatic  C{Vg)  curve  towards  lower  voltages, 
the  shift  amplitude  being  approximately  20%  of  the 
negative  bias  stress.  Moreover,  the  shape  of  the 
curves  is  modified  and  the  minimum  of  the 
capacitance  increases  with  the  absolute  value  of  the 
voltage  stress. 

To  estimate  the  energy  range  swept  by  the  Fermi 
level  in  our  C{Vg)  measurements,  we  have  used  the 
results  of  the  conductance  measurements  per¬ 
formed  on  TFTs  at  different  temperatures  and  gate 
biases.  An  Arrhenhius  plot  of  this  conductance 
exhibits  a  gate  bias  dependent  activation  energy 
shown  in  Fig.  2.  The  obtained  curve  indicates  that 
the  activation  energy  varies  from  0.15  eV  to  0.65  eV 
for  gate  bias  voltages  varying  from  5  V  to  —  3  V. 
Since  this  S-shaped  curve  varies  slowly  for  gate 
biases  above  4  V  (accumulation  regime)  and  below 
OV  (depletion  regime),  we  can  consider  that  the 
range  which  spans  from  0.15  to  0.65  eV  from  Eq  is 
a  good  estimation  of  the  energy  range  of  the 
density  of  states  probed  with  the  quasistatic 
capacitance  technique  when  the  MIS  device 
is  also  biased  from  the  accumulation  to  the  de¬ 
pletion  regime.  These  results  are  in  good  agreement 
with  the  amplitude  of  the  probed  energy  range 
(0.5  eV)  calculated  from  the  C{Vg)  curves  of 
the  MIS  devices  in  the  annealed  state  through 
Berglund’s  formula  [6],  integrating  the  quantity 
(1  —  C{VG}/Ci)  (Cj  being  the  insulator  capacitance) 


over  the  voltage  range  swept  during  the  quasistatic 
capacitance  measurement. 


4.  Discussion 

We  have  shown  in  a  previous  paper  that  the 
same  kind  of  theoretical  C{Vg)  curves  can  be  ob¬ 
tained  in  an  amorphous  semiconductor  by  attribut¬ 
ing  the  contribution  of  localized  states  either  to  the 
interface  or  to  the  bulk  [7].  The  purpose  of  the 
present  paper  is  not  to  try  to  distinguish  between 
interface  and  bulk  state  effects  but  rather  to  analyze 
which  mechanism  (charge  trapping  in  the  gate  insu¬ 
lator  or  creation/removal  of  localized  states  in  the 
gap  of  the  semiconductor)  can  account  for  our 
thermal  bias  stress  experimental  results.  Therefore, 
in  the  following,  we  present  the  results  of  a 
numerical  simulation  which  takes  into  account 
homogeneous  bulk  density  of  states  (DOS)  without 
any  additional  surface  states,  but  it  should  be  kept 
in  mind  that  our  final  conclusions  concerning 
the  creation/removal  of  states  in  the  semiconductor 
bandgap  could  also  apply  to  interface  states. 
The  homogeneous  bulk  DOS  considered  here  is 
made  of  two  exponential  band  tails  and  a  Gaussian 
distribution  of  deep  defects.  For  the  sake  of 
simplicity,  all  the  states  are  considered  as  mono¬ 
valent  and  their  occupancy  is  calculated  from 
Fermi-Dirac  statistics.  Moreover,  the  assumption 
is  made  that  the  semiconductor  layer  is  thick 
enough  so  that  intrinsic  bulk  characteristics  (e.g. 
bulk  Fermi  level  position,  no  band  bending)  are 
reached  far  from  the  insulator  interface.  We  have 
shown  previously  that  this  is  a  reasonable  assump¬ 
tion  for  MIS  devices  with  1  pm  thick  a-Si :  H  layers 
[7]. 

Fig.  3(a)  shows  two  examples  of  the  DOS  used  to 
calculate  the  C{V g)  curves  of  Fig.  3(b).  These  two 
DOS  only  differ  by  the  value  of  the  full  width  at  half 
maximum  (FWHM)  of  the  deep  defects  Gaussian 
distribution.  Case  i)  represents  an  almost  energy 
independent  distribution  of  these  defects  whereas 
case  ii)  shows  a  more  pronounced  variation  with 
energy  (FWHM  0.35  eV).  We  can  see  in  Fig.  3(b) 
that  outside  the  strong  accumulation  and  inversion 
regimes,  the  quasistatic  C{V g)  curves  are  directly 
related  to  the  deep  defect  DOS  shape  and  density: 
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Fig.  3.  (a)  Models  of  the  density  of  states  c/(F)  in  the  a-Si :  H  and 
(b)  corresponding  calculated  qiiasistalic  capacitance  versus  gate 
voltage  Vq.  In  case  (i)  the  deep  defect  distribution  is  nearly 
constant,  while  in  case  (ii)  it  consists  of  a  Gaussian  distribution 
centered  at  0.9  eV  above  the  valence  band  edge  Ey  with 
a  FWHM  equal  to  0.35  eV.  In  our  simulation,  the  relative 
dielectric  constants  of  the  silicon  nitride  and  a-Si :  H  layers  were 
taken  equal  to  6  and  12,  respectively. 

a  nearly  constant  DOS  is  associated  to  a  plateau  in 
the  C{Vq)  curve  extending  over  a  large  range  of 
gate  biases,  whereas  sharper  variations  in  the 
C{Vg)  curve  are  associated  to  more  pronounced 
variations  with  energy  of  the  DOS.  Moreover,  the 
lower  the  DOS  minimum,  the  lower  the  minimum 
of  the  quasistatic  capacitance  [7].  Comparing 
Fig.  1  with  Fig.  3(b),  we  deduce  that  a  DOS  distri¬ 
bution  of  deep  defects  exhibiting  rather  rapid 
variations  with  energy  (case  (ii))  of  Fig.  3(a)  is 
more  representative  of  our  experimental  C(Fg) 
curves. 

Turning  now  to  the  origin  of  the  bias  stress 
induced  shifts  of  the  C{Vq)  curves  on  our  samples. 


we  remind  that  the  electrostatic  potential  difference 
^s(O)  between  the  bulk  of  the  semiconductor  and 
the  nitride/a-Si:  H  interface  is  related  to  the  gate 
bias  Vq  through 

C ,  C  J 

—  ^s)  being  the  metal  gate-amorphous  silicon 
work  function  difference,  Qi  the  first  momentum  of 
the  volume  density  of  nitride  trapped  charge,  and 
Qs  the  charge  stored  in  the  semiconductor.  This 
relation  shows  that  a  C(Fg)  curve  shift  may  be 
produced  by  the  modification  of  two  kinds  of 
charges:  the  charge  in  the  insulator  and  the  charge 
in  the  semiconductor.  However,  it  is  worth  pointing 
out  that  Qi  does  not  depend  on  ^^^(O)  during  the 
C(Fg)  measurement,  while  Qs  does.  Therefore,  on 
the  one  hand,  if  Q,-  changes  during  the  thermal  bias 
annealing  treatment,  this  will  only  induce  a  rigid 
shift  in  the  C(Kg)  curve  along  the  Fg  axis.  On  the 
other  hand,  a  modification  of  Qs  during  the  thermal 
bias  annealing,  associated  to  a  modification  of  the 
DOS,  can  induce  a  shift  in  the  C(Fg)  curve,  but  it 
will  also  induce  a  change  in  the  shape  of  this  curve 
if  the  DOS  has  changed  in  the  energy  range  probed 
by  the  capacitance  measurements. 

The  above  discussion  of  the  origin  of  the  shifts 
observed  in  the  C(Fg)  curves,  whether  they  are 
coupled  to  a  change  in  the  shape  of  the  curve  or 
not,  leads  us  to  the  following  interpretation  of  our 
thermal  bias  annealing  experiments.  For  negative 
bias  stresses,  due  to  the  change  of  the  C(Fg)  curve 
shape,  there  is  clearly  a  modification  in  the  DOS  of 
a-Si :  H.  This  consists  mainly  in  an  increase  of  posi¬ 
tively  charged  defects  located  between  0.4  and 
0.65  eV  below  the  conduction  band  edge,  Eq,  as 
estimated  from  Berglund’s  formula  [6].  For  posi¬ 
tive  bias  stresses,  our  results  can  be  interpreted 
either  as  the  injection  of  electrons  from  the  a-Si :  H 
into  the  nitride,  or  as  the  creation  in  the  a-Si:H 
layer  of  negatively  charged  defects  which  are  not 
probed  by  our  C(Fg),  and  should  therefore  be 
located  below  0.65  eV  from  Eq. 

Most  of  the  bias-stress  results  reported  in  the 
literature  concern  the  more  common  bottom  ni¬ 
tride  configuration.  Gelatos  and  Kanicki  observed 
the  same  kind  of  shifts  in  the  high  frequency  C(Fg) 
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curves  of  metal/insulator/a-Si :  H/n-type  crystalline 
silicon  structures  [1].  From  additional  photo¬ 
capacitance  measurements,  they  concluded  that,  for 
negative  bias  stresses,  the  shift  tov^ards  negative 
biases  was  due  only  to  charge  injection  into  the 
nitride,  while  for  positive  bias  stresses,  the 
shift  towards  positive  biases  was  due  both  to  charge 
injection  into  the  nitride  and  to  defect  creation  in 
a-Si :  H  with  a  predominant  contribution  of  charge 
injection.  Their  conclusions  can  explain  our  results 
for  the  positive  bias  stresses,  but  for  the  negative 
bias  stresses,  there  is  strong  evidence  from  our 
experiments  that  the  DOS  has  changed.  Thermal 
bias  annealing  experiments  have  also  been  inter¬ 
preted  in  terms  of  changes  in  the  defect  distribution 
for  both  low  positive  and  low  negative  biases  by 
Powell  and  co-workers,  on  the  basis  of  the  defect 
pool  model  [3,4].  According  to  this  model,  it  is 
expected  that  a  positive  thermal  bias  stress  should 
increase  the  density  of  negatively  charged  dangling 
bonds.  These  states  are  mainly  located  below 
midgap.  Thus,  they  will  mainly  produce  a  rigid  shift 
in  our  C(Vq)  curve  which  probes  the  states  above 
0.65  eV  from  Eq,  and  can  therefore  account  for  our 
results.  For  negative  bias  stresses,  we  expect  both 
a  decrease  of  the  density  of  dangling  bonds 
below  midgap  and  an  increase  of  the  density  of 
dangling  bonds  above  midgap.  Again,  this  could 
qualitatively  account  for  our  results.  Indeed, 
these  changes  result  in  a  net  positive  charge 
variation  which  can  explain  the  observed  shift 
while  the  DOS  changes  above  midgap  can  explain 
the  observed  modification  in  the  shape  of  the  C(Fg) 
curve. 

In  summary,  the  main  trends  of  our  experimental 
thermal  bias  annealing  results  obtained  on  MIS 
devices  for  both  negative  and  positive  gate  stress 
biases  are  consistent  with  the  defect-pool  model. 
However,  a  more  careful  observation  of  the  shape 
evolution  of  the  C(Fg)  curves  after  a  negative  stress 
reveals  some  discrepancy.  Indeed,  when  the  device 
is  negatively  stressed,  the  Fermi  level  moves  to¬ 
wards  the  valence  band  edge  and  as  predicted  by 
the  defect-pool  model,  removal  and  creation  of 
states  occur  simultaneously  below  and  above 
midgap,  respectively.  Then,  there  should  exist  a  bias 
stress  value  for  which  the  corresponding  defect- 
pool  DOS  had  to  approach  that  of  good  quality 


intrinsic  a-Si :  H,  that  is  a  rather  flat  distribution  of 
deep  gap  states  at  a  level  around  10^^  cm“^  eV~^ 
looking  like  that  defined  by  case  i)  of  Fig.  3(a)  (see 
also  Fig.  6  of  Ref.  [8]).  In  such  a  case,  the  corres¬ 
ponding  C(Fg)  curve  shown  in  Fig.  3(b)  is  expected. 
This  is  not  experimentally  observed:  even  after 
a  bias  stress  of  -  5  V,  the  experimental  C(Fg) 
curve  of  Fig.  1  still  exhibits  very  sharp  variations 
which  cannot  be  accounted  for  by  the  flat  DOS 
expected  in  the  framework  of  the  defect  pool.  To 
check  if  this  is  a  real  discrepancy,  a  more  quantitat¬ 
ive  analysis  is  required,  taking  into  account  the 
spatial  variation  of  the  DOS  across  the  sample 
induced  by  the  varying  Fermi  level  position  relative 
to  Fo  due  to  band  bending  during  the  bias  stress  at 
high  temperature  [8]. 


5.  Conclusions 

Thermal  bias  annealing  treatments  of  top  nitride 
hydrogenated  amorphous  silicon  MIS  structures 
have  been  analysed  through  quasistatic  cap¬ 
acitance  measurements.  For  low  positive  bias  stres¬ 
ses,  we  mainly  observe  a  rigid  shift  of  the  C(Fg) 
curves  towards  higher  voltages.  For  low  negative 
bias  stresses,  we  observe  both  a  slight  shift  of  the 
curves  towards  lower  voltages  and  a  change  in  the 
shape  of  the  C(Fg)  curves.  Though  the  injection  of 
electrons  from  the  a-Si :  H  into  the  nitride  cannot  be 
ruled  out  for  positive  bias  stresses,  the  results  can 
be  explained  by  the  creation  of  negatively  charged 
dangling  bonds.  For  negative  bias  stresses,  our  ex¬ 
periments  provide  strong  evidence  for  the  modifica¬ 
tion  of  the  DOS  in  a  range  of  energy  estimated 
between  0.4  and  0.65  eV  below  the  conduction 
band  edge.  These  results  can  be  qualitatively  de¬ 
scribed  in  the  framework  of  the  defect  pool  model. 
However,  the  check  of  this  model  and  of  its  para¬ 
meters  requires  a  more  quantitative  analysis  which 
should  also  include  the  non-homogeneous  DOS 
distribution  induced  by  the  bias  stress  at  high  tem¬ 
perature. 
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Abstract 

NH3  thermal  and  N2  plasma  reactivity  with  Si(00  1),  Ge(00  1),  Sii  -:cGe;c(00 1)  surfaces  has  been  studied  by  means  of 
in  situ  X-ray  photoelectron  spectroscopy  (XPS)  in  a  temperature  domain  {T ~600°C)  compatible  with  the  MBE  growth 
of  Ge-Si-based  heterostructures.  Si (00  1)  surfaces  present  a  strong  initial  thermal  reactivity  against  NH3,  contrary  to 
Ge(OOl)  which  is  totally  inert.  The  selectivity  against  thermal  nitridation,  which  may  be  anticipated  for  thermodyn¬ 
amical  reasons,  has  been  verified  by  nitrogen  uptake  measurements  of  N  Is  core  level  intensities  as  a  function  of  NH3 
exposure,  both  for  Si(00  1)  and  Ge(00  1)  surfaces.  As  a  consequence  of  this  strong  reactivity  difference,  an  exclusive  Si3N4 
formation  and  Ge  phase  separation  result  from  nitridation  attempts  of  Sii  -^Ge^  alloys.  Thus,  an  important  finding  is  the 
indispensable  utilization  of  plasma-assisted  nitridation  methods  in  order  to  achieve  low-temperature  Ge  nitridation, 
either  on  clean  Ge(00  1)  surfaces  or  simultaneously  with  Si  on  SiGe  alloys.  In  this  paper,  the  first  results  relevant  to  Ge 
and  SiGe  alloy  nitridation  by  irradiation  of  these  surfaces  by  electron  cyclotron  resonance  (ECR)  nitrogen  (N2)  plasmas 
are  presented.  These  alloys  are  thermally  unstable  as  nitridation  transfer  from  Ge  to  Si  occurs  after  annealing,  in 
accordance  with  thermally  favored  Si  nitridation.  In  addition,  Ge3N4  (Si3N4)  thick  layers  were  grown  using  ECR 
N2  plasma  treatment  associated  with  a  concomitant  Ge  (Si)  atom-supply  on  the  substrate,  performed  by  Ge  evaporation 
(SiH4  reacting  gas). 


1.  Introduction 

In  comparison  with  the  huge  number  of  reports 
devoted  to  the  comprehension  of  clean  silicon  ni¬ 
tridation,  germanium  nitridation  has  been  only 
scarcely  investigated.  The  main  part  of  the  avail- 
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able  works  is  restricted  to  the  fundamental  interac¬ 
tion  of  some  nitriding  molecules  such  as  NH3,  NO 
or  NO2  with  Ge  surfaces  in  the  near  room  temp¬ 
erature  (RT)  or  low-temperature  range  [1-5], 
pointing  out  the  non-dissociative  character  of  the 
adsorption  of  these  molecules  on  clean  Ge  surfaces 
in  these  conditions.  Nevertheless,  the  recent  interest 
in  Si-  and  Ge-based  devices  and  their  promising 
electronic  applications  implies  a  future  control  of 
dielectric  materials  on  Si  and  Ge  compounds  and 
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that  in  a  temperature  range  compatible  with  Si/Ge 
heterostructure  fabrication  (room  temperature  = 
RT  <  r  <  600^^C). 

In  the  present  work,  after  a  brief  reminder  of  the 
present  status  of  knowledge  of  thermal  nitridation 
of  silicon  by  ammonia  (NH3),  we  show  in  Section 

3.1.  that  the  previously  observed  non-interacting 
regime  of  NH3  with  Ge(00  1)  can  be  extended  in 
the  high-temperature  range,  in  complete  opposition 
to  the  Si(00  1)  behavior.  This  negative  result  con¬ 
cerning  Ge  thermal  nitridation  is  then  confirmed 
when  an  epitaxial  Sii  __^Ge,^  (also  abrreviated  SiGe) 
alloy  grown  on  Si(OOl)  by  MBE  is  tentatively 
nitrided.  It  results  in  a  selective  Si  nitridation  with 
Ge  remaining  in  its  elemental  form.  These  very 
different  thermal  reactivities  between  Si  and  Ge 
imply  the  necessary  use  of  plasma  enhanced  ni¬ 
tridation  methods  in  order  to  obtain  simultaneous 
Si  and  Ge  nitridation  in  SiGe  alloys.  Vancauwen- 
berghe  and  co-workers  [6,  7]  have  previously  ad¬ 
dressed  the  problem  of  ion  beam  oxidation  and 
nitridation  of  SiGe,  using  O2  and  N2  ion  im¬ 
plantation  to  form  oxides  and  nitrides,  respectively. 
We  present  here  in  Section  3.2.  the  first  results 
relevant  to  Ge  and  SiGe  alloy  nitridation  by  ir¬ 
radiation  of  these  surfaces  by  electron  cyclotron 
resonance  (ECR)  nitrogen  (N2)  plasmas.  To  date, 
ECR-plasma  nitridation  has  been  reported  with  Si 
[8]  but  not  with  Ge.  The  problem  of  the  thermal 
stability  of  the  alloy  nitride  is  also  addressed. 


2.  Experiment 

All  the  experiments  were  carried  out  in  situ  in 
a  two  chamber  ultrahigh  vacuum  (UHV)  system 
operating  at  base  pressures  in  the  low  10“  range 
and  consisting  of  an  analysis  chamber  equipped 
with  low  energy  electron  diffraction  (LEED),  X-ray 
photoelectron  spectroscopy  (XPS)  and  ultraviolet 
photoelectron  spectroscopy  (UPS)  techniques  and 
a  sample  treatment  chamber.  The  XPS  spectra  are 
obtained  using  MgK^  radiation  (1 253.6  eV).  The 
preparation  chamber  includes  all  fittings  for  in  situ 
sample  cleaning,  heating,  gas  exposures,  layer  de¬ 
position  and  control.  The  thermal  nitridation,  on 
routinely,  in  situ,  cleaned  substrates  were  obtained 
by  heating  the  crystal  to  the  desired  temperature, 


followed  by  backfilling  the  chamber  with  NH3  at 
a  given  pressure  and  exposure  for  various  lengths  of 
time.  The  exposures  are  expressed  in  langmuir  (L) 
(IL  =  10“^’  Torr).  Separate  or  concomitant  Si  and 
Ge  evaporations,  calibrated  by  a  quartz  crystal 
monitor,  are  obtained  by  means  of  an  electron  gun 
and  a  Knudsen  cell,  respectively.  Prior  to  the 
Sii  -  .x-Ge^.  growths  at  400''C  (obtained  by  codeposi¬ 
tion  of  Si  and  Ge),  a  Si  buffer  layer  of  about  500  A 
was  systematically  deposited  at  600"C  on  the  pre¬ 
ceding  cleaned  surface  improving  the  quality  of  the 
starting  surface  as  checked  by  relevant  increases  of 
the  UPS  surface  state  intensity  and  of  the  LEED 
spot  brightness. 

The  ECR  plasma  used  for  low-temperature 
plasma  assisted  nitridation  is  generated  by  a  UHV 
compatible,  commercial,  250  W,  2.45  GHz  micro- 
wave  source  with  electromagnets  producing  a 
875  G  magnetic  field.  As  process  gas,  99.9995% 
pure  nitrogen  (N2)  is  used,  its  flow  rate  being  regu¬ 
lated  by  a  variable  leak  valve  and  keeping  the 
chamber  pressure  typically  around  1 0  “  mbar  with 
the  500 1/s  pumping  speed. 


3.  Results 

3.1.  Thermal  nitridation  with 

3.1.1.  Clean  Ge  and  Si  substrates 

In  this  section  we  first  compare  the  well-differen¬ 
tiated  thermal  interactions  of  NH3  molecules  with 
Si(OOl)  and  Ge(OOl)  surfaces.  To  date,  low- 
temperature  adsorption  studies  have  been  conduc¬ 
ted  by  Chen  and  Ranke  [3]  which  have  shown  that 
only  NH3  molecular  physisorption  may  occur  on 
Ge  below  200  K.  Cohen  et  al.  [9]  have  given  re¬ 
cently  an  upper  limit  for  the  initial  sticking  coeffic¬ 
ient  Sq  for  the  molecular  NH3  adsorption  on 
Ge(00  1)  (5o  <  10“"^)  at  173  K.  The  present  study 
extends  the  lack  of  dissociative  interaction  of  NH3 
to  the  high  temperatures  (up  to  600°C).  Indeed  we 
failed  to  produce  any  nitrided  layer  on  Ge(OOl) 
either  at  RT  or  at  600''C  for  NH3  exposures  up  to 
10"^  L  within  our  surface  nitrogen  N  Is  detection 
limit  which  is  lower  than  0.1  monolayer-equivalent 
(ML)  -  1  ML  corresponds  to  6.8  x  10^"^  atoms/cm^ 
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L  (Langmuir) 

Fig.  1.  Evolution  of  the  N  Is  intensities  as  a  function  of  600X 
NH3  exposure  in  the  initial  thermal  nitridation  stage  of  different 
surfaces:  O,  clean  Si(OOI);  □,  clean  Ge(OOl);  O,  200  A 
Sio.7Geo.3  alloyed  layer  epitaxied  at  400''C  on  Si(00  1).  Lines  are 
drawn  as  guides  for  the  eye. 

on  the  Si  (00  1)  surface  (Fig.  1).  This  behavior  is  in 
deep  contrast  with  the  consistent  picture  provided 
by  many  extensive  studies  [10-14]  (and  references 
quoted  therein)  concerning  the  NH3/Si(001)  sys¬ 
tem  where  the  RT  NH3  adsorption  results  in  par¬ 
tial  dissociation  producing  NH2  and  H  species 
which  passivate  the  surface  dimer  dangling  bonds, 
A  binding  energy  inspection  has  made  possible 
the  discrimination  between  this  NH2  feature 
(398.6  eV)  [13]  and  the  non-dissociated  NH3  con¬ 
tribution  on  the  one  hand  (400.1  eV)  [10, 12]  and 
the  atomic  nitrogen  signature  near  398.0  eV,  on  the 
other  hand.  The  latter  value,  which  depends  slightly 
on  coverage  and  [13],  can  be  obtained  either  by 
annealing  above  600°C  the  adlayer  adsorbed  at  RT 
or  by  direct  adsorption  at  these  T^.  With  the  pur¬ 
pose  of  thermal  nitridation  of  Si  and  Ge  com¬ 
pounds  in  mind,  we  want  to  focus  only  on  the  latter 
adsorption  scheme  which  is  the  sole  allowing  the 
start  of  true  thermal  nitridation  of  Si.  As  expected, 
Fig.  1  indicates  a  very  reactive  Si(00  1)  surface  with 
an  initial  fast  nitridation  stage  followed  by  a  sat¬ 
urating  one  at  high  exposures  denoting  the  low 
diffusion  of  the  reacting  species  through  the  formed 
nitride,  in  agreement  with  previous  reports.  In  the 
low  exposure  domain  corresponding  to  low  cover¬ 
ages  (2n  <  1  ML)  ?  the  following  linear  relation¬ 
ship,  previously  detailed  [13],  can  be  used  to  convert 
the  N  Is  intensity  in  atomic  nitrogen  coverage 


Fig.  2.  Si  2p  core  level  peaks  taken  from  different  surfaces: 
(a)  clean  Si(00  1);  (b)  clean  Si(00  1)  exposed  at  600"C  to  L 
NH3;  (c)  clean  Sii  _,cGe^(00  1)  exposed  to  100  L  NH3  at  600°C; 

(d)  clean  Si{001)  treated  by  ECR  N2  plasma  at  RT; 

(e)  Sii -;tGe^(00 1)  processed  by  a  N2  ECR  plasma  at  RT, 
plasma  power  ==  80  W,  P>i2  =  lO""^  mb,  process  time  =  1  min; 

(f)  sample  condition  as  in  (d)  but  annealed  at  800°C  for  1  min; 

(g)  deposited  Si3N4  layer  by  N2  ECR  plasma  associated  with 
SiH4  gas  arrival  at  RT. 

=  0.16  X  IO^'^/n  cm'^  where  is  the  nitrogen 
intensity  expressed  in  the  normalized  scale  of 
Fig.  1).  A  rough  estimate  of  about  6.5  x  10^"^  atoms/ 
cm^  (near  1  ML  =  6.8  x  10^"^  atoms/cm^)  is  deduced 
for  4L  or  a  2.0  x  10^^  molecules/cm^  s  exposure. 
These  values  lead  to  a  rather  high  sticking  mean 
value  =  0.33  averaged  on  these  first  4  L  for  the  Si 
silicon  surface  to  be  compared  to  the  extremely  low 
upper  value  relevant  to  Ge  (  <  3  x  10"^).  This  ni¬ 
tridation  selectivity  between  Si  and  Ge,  essentially 
discussed  here  in  the  light  of  N  Is  uptake  changes, 
is  confirmed  and  also  illustrated  by  a  significant  Si 
2p  component,  chemically  shifted  towards  the  high 
binding  energy  side  after  NH3  treatment  (Fig.  2(b)) 
and  caused  by  the  Si-N  bonds  versus  the  absence  of 
any  corresponding  Ge  3d  shift  (Fig.  3(b)). 

3.7.2.  SiGe 

A  200  A  thick  Sii-^Ge^  layer,  with  x^O.3,  is  epi¬ 
taxied,  at  400°C  by  MBE  co-evaporation  on  the 
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mol,  respectively)  [16]  and  Si-N  and  Ge-N  bond 
strengths  (105  and  65  kcal/mol,  respectively)  too 
detrimental  to  Si-N  breaking  and  Ge-N  forma¬ 
tion.  Moreover,  we  notice  from  the  initial  slope  of 
the  nitrogen  uptake  curve,  that  the  initial  sticking 
So  —  0.03,  determined  as  before  for  pure  Si  and  also 
averaged  on  the  first  4  L,  is  now  at  least  ten  times 
lower,  whereas  the  mean  Ge  contents  in  the  layer 
(x^O.3)  would  only  contribute  to  lower  the  density 
of  the  reacting  Si  surface  atoms  by  30%.  We  ex¬ 
plain  this  unexpected  low  sticking  value  by  a  Ge 
concentration  gradient  near  the  surface  which  is  in 
favour  of  a  Ge  enrichment  of  the  alloy  overlayers 
and  limits  the  Si  reactivity.  The  fact  that  Ge  could 
never  be  thermally  nitrided  with  NH3  necessitates 
the  use  of  a  plasma  assisted  method  to  realize 
simultaneous  Si  and  Ge  nitridation  which  will  be 
the  topic  of  the  following  section. 


Fig.  3.  Ge  3d  core  levels  corresponding  to  the  Si  2p  peaks  in 
Fig.  3,  the  same  letters  referring  to  the  same  treatments:  (a)  clean 
Ge(OOl),  (b)  clean  Ge  exposed  to  NFI3,  etc.  Spectrum  (3f) 
corresponds  to  a  deposited  Ge3N4  layer  obtained  by  the  N? 
ECR  plasma  treatment  at  RT  associated  with  Ge  evapo¬ 
ration  from  a  Knudsen  cell. 

Si(OOl)  substrate.  The  epitaxial  character  of  the 
SiGe  layer  has  been  ascertained  by  different  tech¬ 
niques  whose  results  are  presented  elsewhere  [15]. 

Immediately  after  the  growth  by  coevaporation, 
such  an  SiGe  layer  is  submitted,  in  situ,  to  NH3 
exposure  at  600°C.  As  expected,  the  resulting  nitro¬ 
gen  adsorption  curve  (Fig.  1)  lies  in  between  the 
zero-adsorption  curve  of  pure  Ge  and  the  maxi¬ 
mum  one  relevant  to  silicon.  The  examination  of 
the  Si  2p  and  Ge  3d  peaks  shows,  similarly  to  the 
clean  substrates,  that  only  Si  is  nitrided  (Fig.  2(c)), 
Ge  remaining  in  its  elemental  form  (Fig.  3(c))  in  the 
alloy.  Moreover,  only  one  Nls  core  level  compon¬ 
ent  is  detected  presenting  a  binding  energy  near 
398.0  eV  corresponding  to  nitrogen  in  the  nitride 
environment  (N  =  Si3)  as  previously  determined 
[13].  As  a  consequence,  the  elaboration  of  a  SiGe 
nitrided  layer,  as  a  reaction-product  by  thermal 
interaction  of  NH3,  both  with  Si  and  Ge  is  not 
possible.  These  results  could  have  been  anticipated 
thermodynamically,  considering  the  strong  differ¬ 
ences  between  silicon  and  germanium  nitride  for¬ 
mation  enthalpies  (  —  177  kcal/mol  and  —  15  kcal/ 


3.2.  ECR  N2  plasma  assisted  nitridation 

The  ECR  plasma  source  may  be  used  in  two 
ways,  the  one  for  surface  nitridation  of  clean 
Si(OOl),  Ge(OOl)  or  Sii_^  Ge.^  surfaces  by  surface 
exposure  with  the  N2  ECR  plasma  without  any  Si 
or  Ge  deposit,  the  other  for  similar  plasma  treat¬ 
ments  associated  with  Si  or  Ge  deposits  which 
result  in  the  growth  of  thicker  Si  or  Ge  nitride 
layers.  In  a  previous  report  [8],  we  have  detailed 
the  saturating  Si3N4  nitride  growth  by  Si-surface 
ECR  treatment.  Depending  on  the  exposure  time, 
the  operating  N2  pressure  and  the  substrate  tem¬ 
perature,  Si3N4  thicknesses  ranging  from  10  to 
20  A  have  been  obtained  with  a  near-stoichiometric 
composition.  In  Fig.  2,  selected  Si  2p  spectra  are 
given  comparing  thermal  nitridation  of  Si  (Fig. 
2(b))  and  Sii-_^Ge,,  (Fig.  2(c))  alloy  with  RT 
N2  plasma  nitridation  of  Sii  _^^-Ge;,(Fig.  2(d)).  In  the 
former  cases,  the  nitrogen  N  Is  component  is 
located  at  a  binding  energy  near  398.0  eV  represen¬ 
tative  of  nitrogen  threefold-bound  to  Si.  In 
Fig.  3  we  display  some  corresponding  Ge  3d 
spectra  when  a  Ge(00  1)  substrate  is  similarly  pro¬ 
cessed,  The  lack  of  any  thermal  nitridation  of  Ge  is 
evidenced  in  Fig.  3(b).  Nevertheless,  similarly  to 
silicon  [8],  the  plasma  treatments  now  result  in 
efficient  surface  nitridation,  both  for  the  Ge  sub¬ 
strate  (Fig.  3(d))  and  SiGe  alloy  (Fig.  3(e)).  The  N  Is 
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binding  energy  in  the  Ge  nitride  is  very  close  to  the 
corresponding  value  in  Si  nitride  (398  eV)  as 
Ge3  =  N  and  Sia  =  N  bond  contributions  could 
not  be  resolved  when  these  two  forms  coexist  in 
SiGe.  The  Ge  3d  binding  energy  shift  in  the  nitrided 
component  is  reduced  (2.0  eV)  as  compared  to  the 
2.5  eV  for  Si  2p  in  agreement  with  the  lower  elec¬ 
tronegativity  difference  of  Ge  and  N  with  regard  to 
Si  and  N.  The  growth  of  these  Ge  nitride  layers, 
resulting  from  the  plasma  irradiation  which  is  typi¬ 
cally  a  non-thermal  equilibrium  process,  may  be 
explained  by  the  ion  bombardment  effects 
(10-20  eV)  forcing,  already  at  RT,  nitrogen  atoms 
in  the  substrate.  Contrarily  to  the  thermal  interac¬ 
tion  of  SiGe  alloys  with  NH3  leading  to  the  nitrida- 
tion  of  the  sole  Si  part,  Ge  and  Si  could  be  nitrided 
simultaneously  by  N2  plasma  irradiation  but 
nevertheless  with  a  more  pronounced  inclination  to 
form  Si3N4  (Figs.  2(e)  and  3(e)),  as  expected  when 
thermodynamic  arguments  are  considered.  Indeed, 
relatively  to  the  respective  Ge  and  Si  contents,  the 
nitrided  Ge  3d  part  is  lower  than  the  Si  2p  one.  The 
Ge  3d  shifted  component  is  rather  smooth  and 
non-resolved,  implying  a  probable  presence  of 
many  subnitrides  and  formation  of  intermediate 
SiGeN^  compounds  where  Ge  is  not  systematically 
fourfold-bonded  with  nitrogen  but  forms  mixed 
environments  with  Si  and  nitrogen  (Ge-(Si4-;cNJ). 
Clearly  favored  Si  nitridation,  with  rejection  of  the 
nitrogen  from  Ge  to  Si,  is  observed  when  the  RT 
plasma  processed  SiGe  alloy  is  subsequently  an¬ 
nealed  (Figs.  2(f)  and  3(f)).  The  silicon  nitride  com¬ 
ponent  of  the  Si  2p  level  increases  with  annealing 
temperature  to  the  detriment  of  the  vanishing  Ge 
3d  shifted  contribution.  The  N  Is  line  also  becomes 
narrower.  This  behavior  is  thoroughly  similar  to 
the  previously  observed  oxidation  scheme  of  SiGe 
alloys  [17]  for  which  formation  of  Si02  is  also 
thermodynamically  favored  with  respect  to  Ge02. 
Nevertheless,  in  the  latter  case,  GeO  suboxides  can 
already  be  formed  thermally,  whereas  it  is  not  pos¬ 
sible  to  form  the  nitrided  counterpart.  In  order  to 
overcome  the  problem  of  too  limited  nitride  thick¬ 
nesses  when  the  ECR  plasma  is  only  used  for  sur¬ 
face  irradiation,  Si  and  Ge  must  be  supplied  at  the 
growing  surface  during  the  ECR  plasma  process  by 
appropriate  sources.  Thus,  we  were  able  to  grow 
thick  Si  and  Ge  nitride  layers,  asserted  by  the 


disappearance  of  the  substrate  contribution  in 
Figs.  2(g)  and  3(g).  A  Ge  evaporation  source  and 
a  SiH4  gas-supply  have  been  used,  respectively,  in 
order  to  elaborate  these  Ge3N4  and  Si3N4  layers. 

4.  Conclusion 

To  summarize,  this  report  emphasizes  the  strict 
thermal  nitridation  selectivity  between  Ge  and  Si, 
caused  by  the  NH3  failure  to  nitride  Ge  and  imply¬ 
ing  the  indispensable  use  of  plasma  assisted 
methods  in  order  to  achieve  simultaneous  Ge  and 
Si  low-temperature  nitridation  of  Si  and  Ge  mater¬ 
ials.  This  point  is  checked  using  an  UHV-compat- 
ible  ECR  N2  plasma  source. 
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Section  10.  Silicon  nitride,  deposition 

Influence  of  gas  residence  time  on  the  deposition  of  nitrogen-rich 
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Abstract 

The  importance  of  gas  phase  reactions  in  plasmas  containing  ammonia  and  silane  used  to  deposit  amorphous  silicon 
nitride  was  first  demonstrated  by  Smith  et  al.  in  1990  [J.  Electrochem.  Soc.  37  (1990)  614].  These  workers  concluded  that,  at 
high  NH3/SiH4  ratios  (R  =  25)  and  rf  power  densities  (  >  60  mW  cm"“) ,  it  was  possible  to  fully  aminate  all  of  the  available 
silane  in  the  plasma  to  produce  Iri-  and  tetra-aminosilanes  as  the  dominant  plasma  species.  Nitride  films  grown  from  such 
an  aminosilane  plasma  regime  were  nitrogen-rich  and  contained  no  measurable  Si-H  bonding  (by  FT-IR).  In  this  work, 
optical  emission  spectroscopy  (OES)  and  as-deposited  film  bonding  data  have  been  used  to  establish  deposition  conditions 
consistent  with  such  an  aminosilane  plasma  regime.  The  gas  residence  time,  r,  was  then  varied  by  altering  the  total  gas  flow 
to  the  reactor  while  keeping  pressure,  NH3/SiH4  ratio,  rf  power  and  substrate  temperatures  constant.  A  gradual  shift  from 
an  aminosilane  to  a  silane  dominated  plasma,  as  the  residence  time  is  decreased,  was  observed  (via  OES  of  the  SiH  A“A 
emission  at  414.2  nm).  In  addition,  at  low  t,  the  re-appearance  of  Si-H  bonding  in  the  as-grown  films  indicates  a  significant 
decrease  in  the  degree  of  amination  of  the  available  silane  in  the  plasma,  consistent  with  the  OES  results.  Conversely,  it  is 
shown  that  full  amination  of  the  silane  is  possible  even  with  a  lower  NH3/SiH4  ratio  and  rf  power  density  than  those  used  by 
Smith  et  al.  [J.  Electrochem.  Soc.  37  (1990)  614],  provided  the  residence  time  is  sufficiently  long. 


1.  Introduction 

Amorphous  silicon  nitride  thin  films  have  been 
used  extensively  in  the  semiconductor  industry  for 
over  two  decades,  an  application  of  particular  re¬ 
cent  importance  being  as  the  gate  insulator  in 
amorphous  silicon  thin  film  transistors  [1].  The 
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scientific  study  of  this  material  prepared  from 
mixed  NH3  and  SiH4  plasmas  (PECVD)  was  first 
reported  in  1977  [2],  but  it  was  only  recently  that 
a  study  of  the  plasma  chemistry  was  undertaken  by 
Smith  and  co-workers  at  Xerox  [3].  They  found 
that  suitable  manipulation  of  applied  rf  power 
and  SiH4  flow  rate  allowed  operation  in  a  regime 
where  aminosilanes  (Si[NH2]3.4)  were  the  domi¬ 
nant  plasma  species.  Nitride  films  grown  from  such 
a  regime  had  no  measurable  Si-H  bonding  and 
exhibited  superior  dielectric  properties  when  comp¬ 
ared  with  'standard’  Si-H  containing  films  [4]. 
A  subsequent  spectroscopic  study  of  emission  lines 
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in  NH3/SiH4  plasmas  led  Hicks  and  Gibson  [5] 
to  conclude  that  their  findings  were  best  explained 
by  a  model  similar  to  Smith’s  aminosilane  forma¬ 
tion  model 

However,  comparison  of  the  results  of  Smith  et 
al.  [3]  with  the  findings  of  Hicks  and  Gibson  [5] 
reveals  significant  differences  in  the  ‘recipes’  given 
for  an  aminosilane  plasma  regime.  For  example, 
Smith  claimed  a  minimum  power  density  of 
60  mW  cm“^  was  needed  with  an  NH3/SiH4  ratio 
of  25,  whereas  Hicks’  work  implied  aminosilane 
formation  was  complete  at  an  NH3/SiH4  ratio  of 
12  with  a  power  density  of  only  20  mW  cm"^. 

In  this  work  we  have  identified  the  gas  residence 
time,  T,  as  a  possible  cause  of  these  differences  since 
we  estimate  a  t  ^  1  s  for  the  Xerox  work  while  in 
Hicks’  experiments  i  ^  4.4  s.  The  gas  residence 
time  is  a  function  of  pressure,  gas  flow  rate  and 
reactor  volume  [6],  hence  knowledge  and  control  of 
this  variable  should  allow  PECVD  processes  to  be 
scaled  more  readily  between  different  sized  reactors. 

2.  Experiment 

Details  of  the  reactor  and  OES  equipment  were 
as  reported  previously  [5].  Deposition  details  were 
as  follows,  NH3/SiH4  =  12,  pressure  0.25  torr,  rf 
power  density  20  mW  cm“^  and  substrate  tempe¬ 
rature  330°C.  The  residence  time,  t,  was  varied 
from  0.6  to  4.5  s  by  changing  the  total  gas  flow  fed 
to  the  reactor  from  62  to  8  seem.  Optical  emissions 
from  the  plasma  were  collected  as  a  function  of 
wavelength.  The  SiH*  (414.2  nm)  and  NHf 
(570.7  nm)  emission  intensities  in  particular  were 
monitored  as  the  residence  time  was  altered. 

Films  were  deposited  on  glass/Cr  substrates  for 
thickness  determination  via  Dektak  etch  profiling 
and  on  high  resistivity  c-Si  wafers  (polished  on 
both  sides)  to  allow  infra-red  characterisation. 
These  latter  measurements  were  recorded  on  an 
ATI-Unicam  Galaxy  7000  series  spectrometer  over 
the  wave  number  range  400-4000  cm“  I 

3.  Results 

The  optical  emission  in  the  wavelength  range 
400-430  nm  from  pure  silane  and  pure  ammonia 


plasmas  are  shown  in  Figs.  1(a)  and  (b)  respectively. 
The  SiH  A^A  emission  band  consists  of  several 
peaks,  the  most  intense  of  which  occurs  at 
414.2  nm.  The  emission  from  a  pure  NH3  plasma  is 
quite  different,  with  five  peaks  from  the  N2  second 
positive  system  dominating  the  spectrum.  Fig.  1(c) 
shows  the  NH2  emission  at  570.7  nm  which  was 
also  monitored  in  this  work. 

Fig.  2  shows  the  emission  from  mixed  NH3/SiH4 
plasmas  for  various  gas  residence  times,  t.  Com¬ 
parison  with  Figs.  1(a)  and  (b)  clearly  reveals 
a  smooth  change  from  a  SiH4  dominated  plasma  at 
short  T  to  an  NH3  like  plasma  at  the  longest  t,  with 
both  SiH*  and  N|  emission  lines  visible  when 
T-  1.5  s. 

The  variation  of  the  SiH*  and  NH*  intensities 
(integrated  peak  areas)  for  different  residence  times 
are  presented  in  Fig.  3(a).  The  emission  from  SiH* 
decreases  with  a  well  defined  1/t  dependence  up  to 
T  =  3  s.  However,  at  longer  residence  times  the 
emission  was  not  detected  (see  Fig.  2,  r  =  3.5  s). 
The  behaviour  of  the  NH2  radical  emission  at 


Wavelength,  nm 

Fig.  1.  Optical  emissions  from  NH3/SiH4  plasmas,  (a)  SiH  A^A 
emission  at  414.2  nm  from  a  pure  silane  plasma,  (b)  Emissions 
from  a  pure  ammonia  plasma  over  wavelength  range 
400-430  nm.  (c)  NH2  emission  at  570.7  nm  from  a  mixed 
NH3/SiH4  {R  =  \2)  plasma. 
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Fig.  2.  Optical  emissions  from  mixed  NH3/SiH4  plasmas  as 
a  function  of  gas  residence  time.  Note  the  change  from  a  silane¬ 
like  to  an  ammonia-like  plasma  as  t  is  increased. 


570.7  nm  was  markedly  different.  The  intensity  at 
first  rises  as  t  increases  from  0.6  s  to  about  2  s.  In 
the  region  2  s  <  t  <  3  s  the  intensity  remains 
roughly  constant  before  decreasing  rapidly  as  t  is 
further  increased  beyond  3  s. 

In  Fig.  3(b)  we  present  the  NH*  emission  inten¬ 
sity  from  a  pure  NH3  plasma  as  a  function  of 
residence  time.  The  emission  increases  steadily  as 
T  is  increased,  in  contrast  to  the  behaviour  found 
when  silane  is  added  (Fig.  3(a)).  These  results  will  be 
discussed  in  the  next  section. 

Fig.  4  shows  the  infra-red  spectra  obtained  from 
a-SiN;^:H  films  prepared  from  the  above  plasmas. 
The  influence  of  the  gas  residence  time  on  the  film 
hydrogen  bonding  is  clearly  visible.  The  N-H 
stretching  vibration  at  3350  cm"  ^  was  found  in  all 
films  while  the  Si-H  vibration  around  2175  cm"  ^ 
[7,8]  was  only  found  in  films  where  t  <  3  s.  The 
ratio  of  hydrogen  bonded  to  silicon  to  that  of 
hydrogen  bonded  to  nitrogen  (Si-H/N-H)  was  cal¬ 
culated  using  the  method  of  Lanford  and  Rand  [9] 
and  is  plotted  as  a  function  of  t  in  Fig.  5.  The  Si-F[ 
concentration  falls  exponentially  as  t  increases  up 
to  about  3  s,  beyond  which  only  Si-N,  N-H  and 
H-N-H  bonding  configurations  were  observed, 
i.e.  the  bonding  configurations  in  the  films  were 


0  1  2  3  4  5 


Residence  time,  (s) 

Fig.  3.  Integrated  emission  intensities  as  a  function  of  gas  resi¬ 
dence  time,  (a)  SiFI*  and  NHf  from  mixed  NH3/SiH4  plasmas, 
(b)  NH?  emission  from  pure  NH3  plasma.  Lines  are  drawn  as 
a  guide  to  the  eye  except  for  the  SiH*  data,  which  shows  a  fitted 
1/t  power  regression  line. 


indicative  of  an  ‘aminosilane  like’  growth  regime 
[3,5]  for  gas  residence  times  greater  than  3  s. 

In  summary,  for  residence  times  greater  than  3  s, 
no  SiH*  was  detected  in  the  plasma  and  no  Si-H 
bonding  was  detected  in  the  as-deposited  nitride 
films.  The  NHf  emission  rose,  levelled  and  fell  as 
T  increased. 


4.  Discussion 

In  order  to  interpret  these  results  the  mecha¬ 
nisms  for  SiH„,  NH2  and  aminosilane  formation 
will  be  reviewed.  The  reactivity  of  NH2  with  SiH4  is 
believed  to  be  very  low  (see  Kushner  [10]  and 
references  therein)  and  so  it  seems  reasonable  to 
assume  that  any  aminosilane  formation  occurs  via 
NH2  +  SiH„  (n  =  0  to  3)  reactions  [5].  Therefore 
the  silane  and  the  ammonia  must  first  dissociate  in 
order  to  provide  the  precursors  for  aminosilane 
formation. 

The  SiH*  emission  has  been  shown  to  be  propor¬ 
tional  to  the  SiH4  molecular  concentration  [11,12] 
which  varies  inversely  with  the  gas  residence  time  in 
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Fig.  4.  Comparison  of  hydrogen  bonding  in  a-SiN^^iH  films  grown  from  plasmas  with  i  ~  0.6  s  and  4.5  s.  Note  the  lack  of  Si-H  bonding 
in  the  lower  trace  (t  =  4.5  s),  indicative  of  growth  from  an  aminosilane  plasma  regime. 


Si-H  /  N-H 


Fig.  5.  Calculated  Si-H/N-H  bonding  ratio  for  nitride  films 
grown  from  plasmas  with  varying  i.  The  line  drawn  is  an 
exponential  fit  to  the  data.  Note  the  absence  of  Si-H  bonding  for 
T  >  3  s. 

these  experiments.  Therefore,  the  l/i  dependence 
found  for  0.6  s  <  t  <  2.5  s  (Fig.  3(a))  can  be  ex¬ 
plained  as  a  result  of  SiH4  depletion  via  electron 
impact  dissociative  excitation  [11,12]  and  H  ab¬ 
straction  [10].  Over  the  same  t  interval,  the  NH* 
emission,  which  mostly  arises  from  electron  impact 
excitation  of  NH2,  increases  and  then  roughly 


levels  out,  i.e.  the  NH2  concentration  increases  and 
then  remains  constant.  Gas  phase  reactions  be¬ 
tween  the  NH2-SiH„  radicals  start  to  become  sig¬ 
nificant  around  t  =  2.5  s,  reducing  the  NH2  con¬ 
centration  and  thereby  quenching  the  excited  state. 
For  T  >  3  s,  there  are  now  enough  NH2  radicals 
available  to  fully  aminate  all  of  the  available  SiH„ 
in  the  reactor,  and  enough  time  for  these  reactions 
(producing  tri-  and  tetra-aminosilane  molecules)  to 
occur.  Hence  the  NH2  emission  is  further  quen¬ 
ched,  an  aminosilane  plasma  regime  is  established 
and  films  grown  contain  no  Si-H  bonding. 

It  is  interesting  to  note  that  Kushner  [10]  has 
suggested  that  the  rate  limiting  step  in  aminosilane 
formation  is  producing  sufficient  quantities  of 
NH2.  The  production  of  NH2  from  NH3  releases 
H  which  can  then  in  turn  abstract  H  from  SiH4 
leaving  SiH3.  Reactions  between  NH2  and  SiH„ 
then  liberate  more  H  atoms  which  can  produce 
more  SiH„  radicals  for  amination,  provided  the 
amino  groups  are  available.  The  results  reported 
here  are  consistent  with  Kushner’s  suggestions.  The 
longer  an  NH3  molecule  is  resident  in  the  plasma 
the  more  likely  it  is  to  dissociate,  producing  an 
NH2,  Therefore  longer  residence  times  produce 
higher  densities  of  NH2  radicals  (Fig.  3(b)),  allowing 
an  aminosilane  dominated  plasma  to  be  established. 
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These  results  also  explain  the  differences  between 
the  findings  of  the  Xerox  group  [3]  and  Hicks’ 
reported  work  [5].  Hicks  achieved  an  aminosilane 
plasma  regime  with  low  rf  power  and  NH3/SiH4 
ratio  but  a  long  residence  time  (45  s).  Smith  used 
a  short  residence  time  (^1  s)  but  compensated  for 
this  by  increasing  the  rf  power  and  using  higher 
NH3/SiH4  ratios,  thereby  achieving  the  excess 
NH2  concentration  needed  for  full  amination  in  the 
short  time  available  for  deposition. 

By  controlling  the  residence  time  we  have  pro¬ 
duced  Si~H  free  nitride  on  reactors  varying  in  vol¬ 
ume  from  0.5  to  11 1  with  NH3/SiH4  ratios  in  the 
range  8-15  and  power  densities  varying  in 
20-50  mW  cm"^.  This  knowledge  has  also  sugge¬ 
sted  a  hydrogen  dilution  study  of  the  amino¬ 
silane  plasma  regime,  the  results  of  which  will  be 
published  shortly. 


5.  Conclusions 

The  gas  residence  time  has  a  direct  effect  on  the 
NH2  concentration  in  an  NH3/SiH4  glow  dis¬ 
charge,  which  in  turn  controls  the  extent  to  which 
any  silane  radicals  are  aminated.  Hence  operation 
in  an  aminosilane  dominated  plasma  regime  is  pos¬ 


sible  at  lower  NH3/SiH4  ratio  and  rf  power  than 
those  first  reported  [3],  provided  the  gas  residence 
time  is  sufficiently  large. 
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Abstract 

SiN^  films  are  deposited  at  room  temperature  using  an  electron  cyclotron  resonance  plasma  system  for  different 
N2/SiH4  gases  flow  ratios  (1.6-9)  and  microwave  powers  (50-200  W).  The  optical  and  bonding  properties  of  the  films  and 
their  N/Si  ratio  are  studied  as  a  function  of  the  deposition  parameters.  Two  operation  modes  of  the  ECR  source,  that  we 
call  mode  A  and  mode  B,  resulting  in  films  with  similar  properties  are  found.  In  fact,  the  films  deposited  at  low  powers 
(50-100  W)  and  high  N2/SiH4  ratios  (7.5-9)  (mode  A)  have  similar  characteristics  to  those  deposited  at  high  powers 
(150-200  W)  and  low  N2/SiH4  ratios  (1.6-3).  Near  stoichiometric  SiN^,  films  are  obtained  in  both  modes,  at  50  W  and 
N2/SiH4  ratio  =  9  or  at  150  W  and  N2/SiH4  ratio  =  1.6.  A  threshold  in  the  microwave  power  (150  W)  for  the  effective 
formation  of  the  SiN^  films  is  found.  The  two  operation  modes  and  the  threshold  are  explained  as  a  function  of  the  strong 
dependence  of  the  ion  current  density  on  the  microwave  power. 


1.  Introduction 

Amorphous  SiN^^  deposited  by  plasma 

methods  are  widely  used  as  passivating  layers, 
diffusion  barriers,  gate  insulators  in  MISFET 
devices,  etc.  [1].  The  SiN;,  films  obtained  by  these 
methods  contain  a  large  amount  of  hydrogen,  and 
the  irradiation  damage  produced  by  the  energetic 
ions  leads  to  the  degradation  of  the  integrated 
circuits  performance. 

In  the  last  years,  the  electron  cyclotron 
resonance  (ECR)  plasma  method  has  been 
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extensively  used  to  deposit  SiN^  films.  Films  with 
low  hydrogen  content  (below  15%)  can  be  obtained 
at  low  substrate  temperatures  (room 
temperatures  —  250°C)  due  to  the  high  ionization 
efficiency  of  this  plasma  method  [2].  Moreover,  the 
substrate  position  (out  of  the  plasma  source)  and 
the  low  energy  of  the  ions  (about  40  eV)  prevent  the 
irradation  damage  of  the  growing  film. 

The  large  number  of  variables  that  the 
ECR-CVD  technique  offers  (microwave  power, 
magnetic  field  configuration,  pressure,  gases  flow 
ratio,  and  even,  the  design  of  the  plasma  source), 
and  the  strong  dependence  of  the  plasma 
characteristics  on  these  parameters  [3,4]  make 
necessary  detailed  studies  devoted  to  the  relation 
between  deposition  parameters  and  the  properties 
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of  the  films  obtained.  In  this  paper,  the  influence  of 
microwave  power  and  gases  flow  ratio  on  the  SiN;^ 
properties  is  analyzed,  and  the  equivalence  between 
both  parameters  to  change  the  film  properties  is 
deduced.  Due  to  this  equivalence,  two  operation 
modes  of  the  ECR  source  resulting  in  films  with 
stoichiometric  properties  are  found.  When  the  films 
are  deposited  in  conditions  out  of  these  modes,  the 
films  are  silicon  or  nitrogen  rich,  depending  on  the 
parameters  used. 


2.  Experimental 

The  distributed  ECR  system  employed  is  an 
Astex  Compact-ECR  source,  that  use  N2, 
introduced  at  the  top  of  the  plasma  source,  and 
pure  SiH4,  introduced  into  the  deposition  chamber, 
as  reactive  gases.  The  substrate  holder  is  floating 
and  not  intentionally  heated.  The  films  are 
deposited  at  constant  pressure  (0.6  mTorr)  and  flow 
rate  (10.5  seem),  nitrogen  plus  silane,  using  different 
microwave  powers  (50-200  W)  and  N2/SiH4  gas 
flow  ratios,  R  (1.6-9). 

Transmittance  and  reflectance  of  the  films  are 
measured  in  the  ultraviolet-visible-near  infrared 
(UV-VIS-NIR)  spectral  range  (200-2500  nm)  to 
determine  the  refractive  index  (n)  and  the  optical 
band  gap,  Eg.  This  characterization  is  performed  on 
SiNjc  films  deposited  on  quartz  substrates  using 
a  Perkin  Elmer  Lambda9  spectrophotometer.  The 
refractive  index  and  the  absorption  coefficient,  a, 
are  calculated  from  the  rigorous  expressions  for  the 
transmittance  and  reflectance  [5],  and  Eg  is 
deduced  adjusting  the  absorption  coefficient  to  the 
Tauc  plot.  The  refractive  index  results  presented  in 
this  work  are  the  n  values  at  633  nm.  Infrared 
absorption  spectra  of  the  SiN^  films,  deposited  on 
silicon  substrates,  are  measured  to  investigate  their 
bonding  configuration,  using  a  FTIR  spectrometer 
(Nicolet  5PC  FTIR)  operating  in  the  mid-infrared 
region  (400-4000  cm“  ^).  The  vibration  modes  that 
appear  in  the  spectra  are  the  conventional  for  SiN^. 
films,  the  N-H  (3  340  cm  “ ' ),  Si-H  (2 1 60  cm  ‘ ' )  and 
Si-N  (830  cm~  ^)  stretching  modes. 

Silicon  substrates  are  also  used  for  the 
compositional  analysis  of  the  films  determined  by 
Auger  electron  spectroscopy  (AES).  These  analysis 


are  carried  out  in  a  JEOL  system  (JAMP-SIO) 
using  an  electron  probe  of  0.1  mm  diameter  at 
5  kV.  The  samples  are  bombarded  with  2  kV  Ar^ 
ions  rastered  across  a  surface  area  of  4  mm^  in 
order  to  obtain  results  corresponding  to  the  bulk 
region. 

3.  Results  and  discussion 

The  influence  of  both  microwave  power  and  R  is 
shown  in  Fig.  1,  where  the  variation  of  Eg  as 
a  function  of  the  ratio  R  for  different  microwave 
powers  is  presented.  Eg  clearly  increases  with 
R  (from  2.0  to  4.8  eV)  for  low  microwave  powers 
(50-100  W)  whereas  for  higher  microwave  powers 
(150-200  W),  Eg  is  less  sensitive  to  R,  with  values 
between  3.7  and  5.2  eV.  A  similar  behavior  can  be 
obtained  as  observed  in  Fig.  1  if  the  ratio  R  is 
exchanged  by  the  microwave  power  [6].  That  is,  at 
low  R  (1.6-5),  Eg  strongly  increases  with  the 
microwave  power  (from  2.0  to  5.2  eV)  and,  at  high 
R  (7.5-9),  it  scarcely  increases  from  3.8  to  5.1  eV. 
Moreover,  if  we  see  the  variation  ranges,  we  realize 
that  they  are  similar  at  low  powers  or  low  R  and, 
they  are  also  similar  for  high  powers  or  high  R. 
From  these  results  it  can  be  concluded  that 
microwave  power  and  gases  flow  ratio  affect  the 
optical  band  gap  in  the  same  way. 


Fig.  1.  values  as  a  function  of  the  ratio  R  for  different 
microwave  powers:  □,  50  W;  o,  100  W;  A,  150  W;  V  200  W. 
Lines  are  drawn  as  guides  for  the  eye. 
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Fig.  2.  N/Si  ratio  for  films  deposited  at  different  microwave 
powers  as  a  function  of  the  N2/SiH4  ratio:  □,  50  W;  o,  100  W;  A, 
1 50  W;  V,  200  W.  Lines  are  drawn  as  guides  for  the  eye. 

To  further  confirm  this  equivalence  between 
both  parameters,  Fig.  2  presents  the  N/Si  ratio  in 
the  films  as  a  function  of  R  for  different  microwave 
powers.  At  low  powers,  the  N/Si  ratio  increases 
with  R  (0,27-1.38),  whereas  the  rise  at  high  powers 
is  small,  between  1.11  and  1.38.  Similar  results  are 
obtained  when  the  microwave  power  and  the  ratio 
R  are  exchanged. 

Due  to  this  equivalence,  the  work  conditions  of 
the  ECR  source  can  be  divided  in  four  groups, 
resulting  in  films  with  different  properties,  as 
Table  1  shows.  Two  of  these  work  conditions,  the 
operation  modes  that  we  call  mode  A  (50-100  W 
and  R  =  7.5-9)  and  mode  B  (150-200  W  and 
R  =  1.6-3),  result  in  similar  and,  moreover,  high 
quality  SiN^^  films;  meanwhile  the  other  two  lead  to 


SiNj,  films  with  properties  far  from  the 
stoichiometric  ones.  In  any  case,  the  profiles  of  the 
Si-H  and  Si-N  absorption  peaks  that  appeared  in 
the  infrared  spectra  are  Gaussian  and  not 
symmetric  with  respect  to  the  maximum  of  the 
peak.  Table  1  shows  that  the  operation  modes 
A  and  B  are  equivalent  modes  of  the  source 
resulting  in  films  with  similar  properties,  and  that 
near  stoichiometic  SiN^  films  {n  ^  1,98,  £g  4.7  eV, 
N/Si  ratio  between  1.1  and  1.4,  Si-H  stretching 
mode  around  2160  cm”  ^  and  Si-N  at  833  cm~^) 
are  obtained  in  both  modes  at  specific 
combinations  of  power  and  ratio  (50  W  and  R  =  9, 
or  150  W  and  R  =  1.6).  Very  different  film 
properties  are  obtained  when  using  deposition 
conditions  out  of  the  two  operation  modes. 
Silicon-rich  films  are  obtained  at  low  microwave 
powers  and  N2/SiH4  ratios;  meanwhile  higher 
powers  and  R  result  in  nitrogen-rich  or 
oxygen-contaminated  films,  probably  due  to  the 
sputtering  of  the  quartz  liner  located  into  the 
source.  The  study  to  determine  the  oxygen 
contamination  or  not  is  currently  in  progress  as 
either  the  excess  of  nitrogen  or  the  presence  of 
oxygen  result  in  films  with  roughly  similar 
properties  [7]. 

The  variation  of  the  film  properties  with  the 
N2/SiH4  ratio  is  similar  to  that  found  in  PCVD 
systems  [8],  where  £g  and  the  N/Si  ratio  increase 
with  the  nitrogen  flow,  corresponding  to  a  higher 
incorporation  of  nitrogen  atoms  into  the  silicon 
matrix.  However,  the  strong  variation  of  the  SiN^ 
films  properties  with  the  power  described  above  is 
only  found  in  ECR  deposition  methods  [2],  being 
not  so  clear  in  other  PCVD  systems  [9,10].  In  these 


Table  1 

SiN;c  fiinis  grouped  in  different  zones  determined  by  the  microwave  power  and  the  N2SiH4  ratio 


n 

E, 

(eV) 

[N]/[Si] 

ratio 

Si-N  position 
(cm  ') 

Si-H  position 
(cm"‘) 

FWHM  Si-N 
(cm"^) 

FWHM  Si-H 
(cm-') 

Mode  A" 

1.80-1.93 

3.8-4.9 

1.11-1.29 

825-841 

2191 

206 

120-135 

Mode  A^ 

1.81-1.84 

3.7-5.1 

0.99-1.34 

831-856 

2176-2191 

207 

111-141 

Si  Rich" 

N  Rich  or 

2.21-2.71 

2.0-2.7 

0.27-0.74 

818-825 

2106-2137 

220 

156 

O  Contam'^ 

1.72-1.76 

5.1 

1.38 

879-887 

2214-2191 

226 

99 

^Mode  A,  50-100  W  and  R  =  7.5-9;  ^Mode  B,  150-200  W  and  1.6-3;  "Si-rich  films,  50-100  W  and  R  =  1.6-3;  ‘*N-rich  films  or 
O-contaminated,  150-200  W  and  R  =  7.5-9. 
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Fig.  3.  Refractive  index  (solid  symbols)  and  Si-H  mode  position 
(open  symbols)  for  films  deposited  at  R  =  1.6  (squares)  and 
R  =  7.5  (triangles)  as  a  function  of  the  microwave  power.  Lines 
are  drawn  as  guides  for  the  eye. 


systems,  the  N2  (or  NH3)  to  SiH4  gas  flow  ratio  is 
used  as  the  main  parameter  to  change  the  film 
composition,  whereas  the  results  presented  in  this 
work  seem  to  indicate  that,  in  ECR  systems,  the 
microwave  power  can  change  the  composition  in 
a  similar  way.  The  very  different  influence  that  the 
power  has  in  ECR-CVD  methods  respect  to 
rf-plasma  methods  can  be  explained  by  the  strong 
dependence  of  the  ion  current  density  of  the  plasma 
on  the  microwave  power.  Published  results  on  ECR 
plasmas  [3,4]  indicate  that  the  ion  current  density 
is  constant  at  low  microwave  powers,  sharply 
increasing  when  the  power  overcomes  a  value  that 
depends  on  the  design  of  the  source  [4]  and  on  the 
gas  flow  rate  supporting  the  plasma  [3].  This  sharp 
increase  could  explain  the  strong  dependence  of  the 
film  properties  on  the  microwave  power. 

To  confirm  this.  Fig.  3  presents  the  refractive 
index  and  the  Si-H  vibration  mode  position  as 
a  function  of  the  microwave  power  for  different 
R  values.  The  figure  shows  that,  for  power  values 
below  150  W,  n  and  the  Si-H  mode  position  clearly 
depend  on  R,  and  near  stoichiometric  films  are  only 
obtained  at  high  ratios  R.  Beyond  150W,  these 
properties  are  independent  of  this  parameter  and 
high  quality  SiN;,  films  are  obtained  at  any  R. 
These  results  indicate  that  there  is  a  threshold  in 
the  power  needed  for  the  efficient  formation  of  the 


SiN;,.  films,  related  to  the  sharp  increase  of  the  ion 
current  density.  Not  enough  work  (like  optical 
diagnosis  of  the  plasma)  has  been  done  yet  to 
determine  if  the  ions  or  the  radicals  are  responsible 
for  the  film  growth  in  ECR  systems.  The  results 
about  the  film  properties  presented  in  this  work 
together  with  the  results  published  on  the 
dependence  of  the  ion  current  density  of  the  plasma 
on  the  microwave  power  [3,4]  seems  to  indicate 
that  below  a  threshold  value  (1 50  W  for  the  system 
used  here)  not  enough  ionized  N  species  are 
presented  in  the  plasma  to  react  with  the  Si  (or 
SiH,„  /i=l,2, 3)  species  or  to  break  the  SiH4 
molecules,  resulting  in  silicon  rich  films  except  if 
high  ratios  R  are  used  for  the  depositions.  Beyond 
150W,  the  number  of  ionized  N  species  increases 
and  reaches  a  saturation  value  [3],  with  N  atoms 
reacting  with  the  Si  ones  at  any  ratio.  The  threshold 
value  depends  on  the  characteristics  of  the 
deposition  system  that  affect  the  ion  current 
density,  as  the  design  of  the  source,  the  microwave 
mode  used,  the  magnetic  field  profile  and  the  gas 
flow  rate  used  to  sustain  the  plasma.  This  fact  could 
explain  the  different  behaviors  found  in  the 
literature  on  SiN^.  deposition  by  ECR.  In  fact, 
Popov  et  al.  [11]  obtain  films  with  properties  that, 
at  200  W,  clearly  vary  with  the  ratio  R,  meanwhile 
the  results  obtained  at  the  same  power  by  Manabe 
and  Mitsuyu  [12]  scarcely  vary  with  R.  This  strong 
influence  of  the  power  on  the  plasma  characteristics 
propably  explain  the  differences  with  the  rf-PCVD 
methods,  where  the  power  is  matched  to  the  plasma 
using  inductive  or  capacitive  coupling  and  not 
a  resonant  cavity,  which  results  in  different 
efficiency  of  the  power  absorption,  better  in  ECR 
systems. 


4.  Conclusions 

The  relation  between  the  deposition  conditions 
and  the  SiN^  film  properties  obtained  using  an 
ECR-CVD  system  has  been  studied  as  a  function 
of  the  microwave  power  and  the  N2/SiH4  gases 
flow  ratio.  Two  operation  modes  of  the  plasma 
source  (low  powers  together  with  high  ratios  or 
high  powers  together  with  low  ratios),  that  reveal 
the  equivalence  between  the  microwave  power  and 
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the  N2/SiH4  ratio  to  obtain  films  with  similar 
properties  have  been  found.  A  threshold  in  the 
power  (150  W)  to  obtain  SiN^  films  with  properties 
near  the  stoichiometric  ones  has  been  deduced.  The 
two  operation  modes  and  the  power  threshold  have 
been  explained  as  a  function  of  the  strong 
dependence  that  the  ion  current  density  has  on  the 
microwave  power.  The  threshold  value  depends  on 
the  different  parameters  that  influence  the  plasma 
density,  as  the  design  of  the  source,  gas  flow  rate, 
microwaves  modes  and  magnetic  field  profile. 

This  work  has  been  partially  supported  by  the 
CAM  and  the  Spanish  Government  (CICYT) 
through  grants  TIC  92-1214-E  and  TIC  93-0175. 
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Abstract 


Room-temperature  deposition  of  silicon-nitride  on  InP-substrates  for  electronic  applications  is  reported.  A  plasma 
enhanced  chemical  vapour  deposition  apparatus  equipped  with  an  electron  cyclotron  resonance  source  was  used. 
Molecular  nitrogen  and  silane  diluted  in  helium  are  chosen  as  precursors.  The  dielectric  films  are  defined  hy  means  of 
optical  lithography  and  lift-off  technique.  C-f  measurements  reveal  a  dielectric  constant  of  about  9  and  a  dissipation 
factor  tan  <3  =  3x10  ^  (/=  10  kHz)  while  the  breakdown  field  is  2  MV/cm  (/  =  250  pA/mm^).  A  strong  improvement  of 
the  dissipation  factor  by  more  than  one  order  of  magnitude  under  both  electrical  and  thermal  stress,  respectively,  has 
been  observed  which  could  not  be  related  to  a  variation  of  Si-H  or  N-H  bonds  measured  by  Fourier  transformed  infrared 
spectroscopy.  The  influence  of  silicon-nitride  deposition  on  the  electrical  properties  of  an  InAlAs/InGaAs  heterostructure 
field-effect  transistor  is  investigated.  The  most  significant  change  is  found  as  an  improvement  of  gate  leakage  current  by 
90%  while  other  dc-  and  rf-properties  remain  unchanged. 


1.  Introduction 

Silicon  nitride  (SiNJ  deposited  by  means  of 
plasma-enhanced  (PE)  chemical  vapour  deposition 
(CVD)  is  widely  used  in  Ill/V-microelectronics.  De¬ 
posited  at  a  substrate  temperature  of  250-400”C 
with  silane  (SiH4)  and  ammonia  (NH3)  as  precur¬ 
sors,  it  exhibits  excellent  dielectric  properties  such 
as  low  conductivity,  high  breakdown  field  strength. 
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Ed,  and  low  dissipation  factor,  tan  S.  In  microelec¬ 
tronics  fabrication,  the  lift-off  technique  based  on 
photo-resist  structures  provides  reliable,  damage- 
free  high  resolution  processing.  However  all  films 
to  be  processed  by  lift-off  technique  have  to  be 
deposited  at  a  substrate  temperature  below  120''C. 
For  the  deposition  of  SiN^  at  these  low  temper¬ 
atures,  electron  cyclotron  resonance  PECVD  with 
N2  as  nitrogen  source  is  favourable  [1].  This  way 
the  disadvantage  of  high  hydrogen  content  in  the 
films  using  NH3  and  a  low  deposition  rate  is  avoid¬ 
ed  [3]  because  of  the  extremely  high  electron  en¬ 
ergy.  In  addition,  the  very  dense  electron  cyclotron 
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resonance  (ECR)  plasma  can  be  spatially  separated 
from  the  sample  allowing  a  high  flow  of  ionized 
particles  with  a  low  kinetic  energy  to  the  sample 
(7  =  5  mA/cm^,  E  =  20-30  eV  [2]).  This  technique 
has  been  adopted  for  III/V  microelectronics. 
Room-temperature  ECR  PECYD  films  exhibit  ex¬ 
cellent  I-V  characteristics  [4]  and  the  process  has 
proven  capability  for  passivation  of  InP  based  devi¬ 
ces  [5]  and  surfaces  with  SiO^^  [6].  In  this  work,  we 
present  process  optimization  of  room-temperature 
deposited  ECR-PECVD  SiN^  which  can  be  suc¬ 
cessfully  processed  by  lift-ofT  technique.  It  is 
shown  that  this  material  has  a  dielectric  quality 
comparable  to  material  deposited  at  higher  temper¬ 
atures  (T  ^  250°C)  and  that  it  can  be  used 
for  metal-insulator-metal  (MIM)  capacitors.  In 
addition,  ECR  PECVD  deposited  SiNx  is  well 
suited  for  a  damage-free  deposition  on  InAlAs/In- 
GaAs/InP  heterostructure  field-effect  transistor  as 
shown  by  improved  dc-  and  unchanged  rf-perfor- 
mance. 


2.  Experimental  procedure 

For  deposition  of  the  silicon  nitride  layers, 
a  PlasmaLab  System  90  ECR-PECVD  from  Ox¬ 
ford  Instruments  has  been  used.  No  heating  was 
applied  to  the  system  throughout  this  study.  A  de¬ 
tailed  setup  of  the  system  is  shown  in  Fig.  1.  Mo¬ 
lecular  nitrogen  (N2)  and  silane  (SiH4)  diluted  in 
helium  (5%/95%)  are  used.  The  magnetic  field  of 
the  ECR  region  is  provided  by  two  electro  magnets 
using  a  current  of  180  and  120  A  for  the  top  and  the 
bottom  magnet,  respectively.  The  vacuum  system 
consists  of  a  roots/rotary  combination  and  a  turbo- 
molecular  pump  providing  a  base  pressure  better 
than  1x10“^  mbar.  Pressure  during  process  is 
controlled  with  the  use  of  a  baratron  and  a  pressure 
controller  (APC)  in  the  range  of  1  up  to  100  mTorr. 
The  process  pressure  studied  is  5-10  mTorr.  MIM 
capacitors  have  been  fabricated  with  optical  lith¬ 
ography.  The  capacitance  has  been  measured  using 
a  Hewlett  Packard  4275  A  Multi-Frequency  LCR 


Magnetron 


Fig.  1.  Schematic  description  of  the  ECR-PECVD  system  for  SiN^^  deposition  at  room  temperature. 
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bridge  in  the  parallel  equivalent  circuit  mode  for 
the  complex  resistance.  With  the  measured 
capacitance  and  conductance  the  relative  dielectric 
constant,  and  the  dielectric  dissipation  factor, 
tan  S,  have  been  deduced.  The  bond  characteristic 
of  the  SiN-,-  was  deduced  by  absorption  measure¬ 
ments  in  the  infrared  wavelength  range  using  a  Bi¬ 
orad  FTIR.  Peaks  in  the  absorption  characteristic 
can  be  correlated  with  bonds  in  the  layer,  while  the 
substrate  was  subtracted. 


3,  Results  and  discussion 

In  the  first  step,  the  applicability  of  the  ECR- 
PECVD  deposited  SiN^  layer  for  lift-off  has  been 
evaluated.  A  photo  resist  structure  with  a  negative 
undercut  has  been  prepared  using  an  image  rever¬ 
sal  resist.  This  resist  lip  (cf.  Fig.  2)  is  known  to  be 
very  sensitive  to  enhanced  temperatures.  After  de¬ 
position  of  200  nm  SiN;^?  no  damage  can  be  detec¬ 
ted.  The  variation  of  process  parameters  has  been 
checked  over  a  wide  range  and  resist  damage  oc¬ 


curs  only  at  very  high  power  levels  of  more  than 
450  W.  Despite  the  widely  isotropic  deposition, 
a  reliable  lift-off  process  can  be  obtained  in  boiling 
acetone  without  any  mechanical  aid.  However  this 
process  becomes  critical  if  very  small  areas  of  resist 
are  covered  within  large  areas  where  the  SiN^  layer 
is  directly  deposited  on  the  substrate. 

The  composition  of  the  SiN^,  layers  can  be  esti¬ 
mated  from  the  refractive  index,  n  [7].  In  Fig.  3  the 
dependence  of  the  refractive  index  deduced  from 
ellipsometry  measurements  is  given  as  a  function  of 
the  gas  flow  ratio  silane  to  nitrogen.  A  SiH4/N2 
ratio  close  to  unity  corresponds  to  u  ^  2,  indicating 
normally  stoichiometric  Si3N4.  However  we  found 
that  a  ratio  SiH4/N2  of  0.2-0.4  (n  ^  1.7)  is  recom¬ 
mended  for  improved  dielectric  properties  at¬ 
tributed  to  reduced  hydrogen  incorporation. 

Metal-insulator-metal  capacitors  with  an  area  of 
2  X  10 cm^  have  been  produced  using  the  lift-off 
technique  for  patterning  the  silicon  nitride  films. 
I-V  measurements  of  all  devices  revealed  a  break¬ 
down  field  strength  above  1  MV/cm  and  a  standard 
value  of  2  MV/cm.  The  dielectric  properties  were 


SiNx 


AZ  5214 
resist 


GaAs 

substrate 


Fig.  2.  SEM  picture  of  a  photo  resist  edge  with  undercut  after  deposition  of  200  nm  SiN^  at  a  thermocouple  temperature  of  40^C. 
(SiH4/N,  =  0.4,  p  =  6  mTorr,  P  =  250  W.) 
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analyzed  by  means  of  C—f  measurements  without 
any  dc  bias.  For  the  investigated  deposition  condi¬ 
tions,  the  silane  to  nitrogen  ratio  has  been  varied 
from  0.2  to  0.9  resulting  in  dielectric  constants 
between  s,,  7  (nitrogen  rich)  to  12.5  (silicon 

rich).  A  low  dielectric  dissipation  factor  is  obtained 
for  high  nitrogen  flow  only.  Silicon-rich  samples, 
however,  exhibit  a  high  dissipation,  tan  d.  Both 
electrical  and  temperature  stress  was  studied  with 
respect  to  the  dissipation  factor.  In  Fig.  4  the  dissi¬ 
pation  factor  is  plotted  as  a  function  of  frequency 
for  an  unstressed  device  (first  measurement,  curve 
(a)).  At  10  kHz,  tan  6  was  measured  to  1.3  x  10"^ 
while  at  1  MHz  the  dissipation  factor  drops  down 
to  4.1  X  10"^.  The  second  measurement  revealed 
a  drastic  reduction  of  tan  6  at  low  frequencies 
which  is  in  agreement  with  the  observation  of  Jeon 
et  al.  who  found  a  strongly  reduced  leakage  current 
in  the  second  I-V  measurement  at  low  DC  bias  [4]. 
It  is  worth  noting  that  in  our  case  no  dc  bias  has 
been  applied  and  the  ac  voltage  is  below  100  mV  in 
all  cases.  A  thermal  annealing  of  MIM  test  struc¬ 
tures  was  carried  out  at  200°C  for  2.5  h  using  the 
same  wafer  as  for  curve  (a)  and  the  result  is  shown 
in  curve  (b)  of  Fig.  4.  Even  electrically  unstressed 
devices  exhibit  a  strong  reduction  of  the  dissipation 
factor  comparable  to  the  data  obtained  by  electri¬ 
cal  stress.  The  quality  of  room-temperature-depos¬ 
ited  silicon  nitride  layers  and  the  influence  of  ther¬ 
mal  stress  was  further  studied  by  FTIR  measure¬ 
ments.  Results  of  our  analysis  are  shown  in  Fig.  5 
where  the  absorbance  of  the  different  layers  are 


Fig.  3.  The  refractive  index  of  RT  deposited  SiN,;  as  a  function 
of  silane  to  nitrogen  ratio  flow  {SiH4/N2). 


Fig.  4.  Stress  investigation  of  the  dielectric  dissipation  factor, 
tan  ^  as  a  function  of  frequency  for  differently  stressed  MIM 
capacitors  fabricated  with  room-temperature-deposited  SiN,c 
(SiH4/N2  =  0.4,  dc  bias  =  OV):  (a)  without  stress,  first  meas¬ 
urement;  (b)  second  measurement  of  the  same  device;  (c) 
first  measurement  of  a  device  stressed  at  200°C  for  2.5  h  under 
nitrogen  ambient. 


H - 1 - 1 - 1 - 1 - 1 - 1 - 

4000  3000  2000  1000 


Wavenumbers 

Fig.  5.  Infrared  absorption  spectra  of  different  SiNj^  layers  de¬ 
posited  on  boron  doped  Si-wafers.  The  absorption  of  the  sub¬ 
strate  is  subtracted,  (a)  Reference  sample  deposited  by  means  of 
a  standard  PECVD  system  at  a  substrate  temperature  of  250°C. 
(b)  Low  nitrogen  content  (SiH4/N2  =  0.2,  n=  1.7)  RT  deposited 
SiN;,.  (c)  Same  sample  shown  in  (b)  but  post  annealed  at  250°C 
in  nitrogen  ambient  for  30  min.  (d)  High  nitrogen  content 
(SiH4/N2  =  0.9,  n  =  2.0)  RT  deposited  SiN^. 
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plotted  as  a  function  of  the  wave  number.  For 
comparison,  a  layer  deposited  at  250°C  in  a  stan¬ 
dard  PECVD  system  with  parallel  plate  electrode 
configuration  without  ECR  was  measured  (curve 
(a)  in  Fig.  5).  According  to  the  analysis  in  Refs. 
[8“1 1],  absorbance  peaks  are  correlated  with  speci¬ 
fic  bonds  in  the  material.  All  samples  exhibit  the 
main  absorbance  peak  due  to  Si-N  bonds.  Samples 
deposited  at  room  temperature  show  a  weak  peak 
or  shoulder  at  the  high  wave  number  side  of  the 
main  Si-N  peak.  This  feature  is  attributed  to 
a  Si-O;,  bond.  Oxygen  may  originate  from  residual 
water  in  the  system  because  no  additional  heating 
is  applied  to  the  sample  prior  to  deposition  and  no 
load-lock  is  used.  The  second  shoulder  is  correlated 
with  a  N“H  bond  and  is  somewhat  higher  than  in 
the  case  of  a  higher  deposition  rate.  The  influence  of 
deposition  conditions  can  be  associated  to  the  oc¬ 
currence  of  the  Si-H  bonds  at  a  wave  number  of 
about  2200,  only.  In  the  nitrogen-rich  sample 
(curve  (a)  in  Fig.  5)  with  a  silane  to  nitrogen  ratio  of 
about  0.2,  this  peak  is  absent,  while  in  a  silane-rich- 
deposited  layer  (curve  (b)  in  Fig.  5)  with  a  silane  to 
nitrogen  ration  of  about  0.9,  this  peak  can  easily  be 
seen.  Even  after  thermal  stress  {T  =  250°C,  30  min) 
the  Si-H  bond  related  peak  is  not  changed  (curve 
(c)).  Finally  an  increased  N-H-bond-related  peak  at 
a  wave  number  of  about  3300  can  be  seen  for  the 
nitrogen  rich  deposited  layer  (curve  (d)).  In  sum¬ 
mary,  changing  the  deposition  conditions  from 
silane  rich  (b,  c)  to  nitrogen  rich  (d)  clearly  results  in 
a  decreased  Si-H  bond  related  peak  towards  an 


enhanced  N-H  bond  related  peak.  The  Si-H-bond- 
related  peak  cannot  be  reduced  by  thermal  stress  in 
the  investigated  range  but  by  means  of  a  higher 
nitrogen  flow.  In  addition,  we  have  observed  that 
the  deposition  rate  does  not  increase  with  higher 
nitrogen  flow.  Hence  we  can  assume  that  nitrogen 
replaces  hydrogen  in  the  layer. 

Finally  the  influence  of  room  temperature- 
deposited  SiN^.  on  the  electrical  performance  of 
InAlAs/InGaAs/InP  heterostructure  field  effect 
transistors  (HFET)  grown  by  MBE  has  been  inves¬ 
tigated.  This  material  system  is  of  major  interest  for 
future  high  frequency  and  opto-electronic  applica¬ 
tions.  A  300  nm  passivation  layer  has  been  depos¬ 
ited  using  nitrogen  rich  conditions  (SiH4/N2  =  0.4, 
p—  10  mTorr,  P=  185  W)  on  top  of  fully  pro¬ 
cessed  transistors.  The  thermocouple  temperature 
never  exceeded  25°C.  The  bond  pads  of  the  devices 
were  covered  with  photo  resist  which  was  removed 
after  deposition  using  the  lift-off  technique.  MBE 
growth  and  device  fabrication  procedure  is  de¬ 
scribed  elsewhere  [12].  Table  1  shows  the  results  of 
the  statistical  dc  characterization  on  25  devices 
across  a  quarter  of  a  two  inch  wafer  prior  to  and 
after  deposition  of  the  SiN^,  layer.  With  respect  to 
the  threshold  voltage,  Fj,  output  conductance, 
and  drain  current,  no  degradation  was  ob¬ 
served.  A  reduction  of  the  maximum  output  con¬ 
ductance  of  6.3%  was  found.  The  strongest  im¬ 
provement  has  been  achieved  for  the  gate-leakage 
current  of  the  transistors  in  agreement  with  [5]. 
A  reduction  from  Iq  —  28  pA/mm  prior  to  SiN^ 


Table  1 


Dc-parameter  deviations  of  25  InGaAs/InAIAs  HFETs  before  and  after  room-temperature  deposition  of  300  nm  SiN,-  passivation  layer 


InGaAs/InAIAs  HFET 

Lg  =  1  pm,  IFg  =  50  pm 
(25  devices) 

Prior  to 
passivation 

After 

deposition  of 

300  nm  SiN., 

Deviation 

(%) 

Threshold  voltage  Vj  (mS/mm)  : 

Fds  =  2.5  V 

-0.667 

-0.657 

+  1.5 

Transconductance 
(mS/mm) : 

355 

333 

-6.3 

Drain  current,  (mA/mm) : 

Vgs  =  0  V,  Kos  =  2.5  V 

151 

146 

-3.3 

Output  conductance,  (mS/mm)  : 

Vgs  =  0  V,  F^s  =  2.5  V 

10.2 

0.2 

0 

Gate  current,  Iq  (pA/mm)  : 

Vgs  =  0  V,  Fos  =  2.5  V 

-29.5 

2.54 

-91 

I 
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deposition  down  to  /q  =  2.54  pA/mm  after  SiN^ 
deposition  can  be  observed.  Following  the  explana¬ 
tion  from  Trew  and  Mishra  [13],  the  silicon  nitride 
layer  could  provide  a  sufficiently  high  trap  concen¬ 
tration  at  the  gate  edge  to  accommodate  injected 
electrons  from  the  gate  contact.  This  leads  to  a 
reduced  electric  field  and  thereby  reduced  gate- 
leakage  current.  The  SiN^  deposition  shows  no 
impact  on  the  RF  performance.  Devices  with  a  gate 
length  of  about  1  pm  exhibit  a  transit  frequency 
(current  gain  /?2i  =  1)  of  /t  40  GHz  and  a 
maximum  frequency  of  oscillation  (unilateral  gain 
GU  =  1)  /max  ^115  GHz  before  and  after  depos¬ 
ition. 


4.  Conclusion 

SiN^  deposited  by  ECR-PECVD  at  room- 
temperature  is  shown  to  be  suitable  for  lift-off  pro¬ 
cessing.  The  layers  exhibit  quality  comparable  to 
silicon  nitride  deposited  at  enhanced  temperatures. 
We  have  found  that  nitrogen  rich  deposition  condi¬ 
tions  resulting  in  non-stoichiometric  SiN^  with 
a  refractive  index  of  1.7  are  highly  recommended 
for  a  low  dissipation  factor  and  reduced  hydrogen 
incorporation  in  the  material.  Both  thermal  and 
electric  stress,  respectively,  improves  the  dissipa¬ 
tion  factor  of  room  temperature  ECR-PECVD  de¬ 
posited  silicon  nitride.  Finally  the  deposition  of 
SiN;c  on  InAlAs/InGaAs/InP  HFET  does  degrades 


neither  dc  nor  rf  performance  but  improves  the  gate 
leakage  current. 
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Abstract 

This  paper  discusses  silicon  nitride  layers  for  applications  in  silicon  device  technologies,  and  in  particular  deposited 
nitride  films  for  gate  multi-layer  dielectrics  for  (i)  amorphous  and  microcrystalline  silicon  (a-Si  and  pc-Si,  respectively) 
thin  film  transistors  (TFTs),  and  (ii)  crystalline  silicon  (c-Si)  MOS  capacitors  and  field  effect  transistors  (FETs).  A  low 
temperature  (300°C)  remote  plasma-enchanced  chemical-vapor  deposition  process  was  used  to  form  the  silicon  nitride 
films.  A  materials  issue  impacting  on  the  targeted  applications  is  the  stability  of  bonded-hydrogen  atoms  in  Si-H  and 
SiN-H  bonding  groups  at  the  respective  TFT  and  FET  processing  temperatures. 


1.  Introduction 

One  of  the  important  material  constituents  of 
thin  film  transistor  (TFT)  and  field  effect  transistor 
(FET)  devices  is  the  gate  dielectric.  Thermally 
grown  silicon  dioxide  (Si02)  has  been  the  standard 
for  crystalline  silicon  FETs,  whereas  deposited  sili¬ 
con  oxides  and  nitrides  have  been  used  in  a-Si  and 
pc-Si  TFTs.  The  use  of  thermally  grown  Si02  in 
c-Si  FETs  derives  from  device-quality  electrical 
properties  that  are  at  least  part  a  consequence 
of  the  high  temperature  (~850-1000°C)  oxidation 
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process.  These  include  (i)  a  high  breakdown 
strength  (>  lOMVcm"^),  (ii)  a  low  density  of 
fixed  and  mobile  charge  in  the  oxide  layer 
(  <  10^  ^  cm~^),  and  (iii)  a  low  density  of  defects  at 
Si-Si02  interface  (^  10^®  cm“^  eV  ^  at  mid-gap). 
As  dielectric  thicknesses  shrink  below  10  nm  to 
remain  in  step  with  the  lateral  sub-micron  dimen¬ 
sions  (-^0.25  pm  and  less)  required  for  ULSI  cir¬ 
cuits,  the  time-temperature  budgets  available  for 
gate  oxide  formation  place  severe  limitations  on 
processing  windows  for  thermal  and  rapid  thermal 
oxidation  (RTO).  In  addition,  the  eventual  require¬ 
ment  for  ultra-thin  oxides  ^3-5  nm  thick  makes  it 
difficult  to  find  processing  conditions  that  will  pre¬ 
vent  dopant-atom  transport  from  poly-Si  gate  elec¬ 
trodes  to  the  FET  channel  regions.  These  factors 


0022-3093/95/509.50  ©  1995  Elsevier  Science  B.V.  All  rights  reserved 
55'D/  0022-3093  (95)  00161-l 


Z.  Lu  et  ai  j  Journal  of  Non-Crystalline  Solids  187  (1995)  340-346 


341 


have  stimulated  research  in  (i)  alternative  low  tem¬ 
perature  processing  techniques  with  reduced  ther¬ 
mal  budgets,  and  (ii)  alternative  materials  for  gate 
dielectrics  which  offer  a  more  effective  barrier  to 
dopant-atom  diffusion  than  Si02. 

Our  research  efforts  which  initially  focused  on 
deposited  oxides  have  now  been  extended  to  in¬ 
clude  nitride  materials  with  improved  diffusion 
barrier  properties.  These  include  homogeneous  sili¬ 
con  oxynitride  alloys  [1],  as  well  as  composite 
dielectrics  with  oxide  (O)  and  nitride  (N)  layers  as 
in  ONO  structures  [2].  This  development  of  low 
temperature/low  thermal  budget  processing  for  the 
N-containing  materials  has  evolved  from  a  two- 
step  300°C  process  used  for  Si-Si02  structures  [3]. 
In  this  approach,  Si-Si02  interface  formation,  and 
oxide  deposition  are  controlled  separately  in  a 
process  that  includes  (i)  a  pre-deposition  plasma- 
assisted  oxidation,  followed  by  (ii)  a  remote 
plasma-enhanced  chemical-vapor  deposition 
(RPECVD)  oxide  deposition.  The  same  type  of 
two-step  approach  to  interface  formation  by 
a  plasma-assisted  oxidation,  and  deposition  by 
RPECVD  has  been  applied  to  gate  dielectrics  with 
oxynitrides  [1],  and  ONO  sandwich  structures  [2]. 
A  post-deposition  rapid  thermal  anneal  (RTA)  for 
30  s  at  900°C  was  required  to  promote  device-qual¬ 
ity  electrical  properties  when  the  N-containing  di¬ 
electrics  were  used  in  MOS  devices.  However, 
TFTs  with  state  of  the  art  electrical  performance 
were  routinely  fabricated  using  the  same  nitride 
and  oxide  films  without  the  need  for  the  high 
temperature  RTA  [4,5].  These  differences  in  pro¬ 
cessing  requirements  derive  from  materials  issues 
unique  to  the  nitrides  and  oxynitrides  that  distin¬ 
guish  their  bonding  properties,  and  electrical 
performance  from  deposited  oxides.  The  special 
features  are  (i)  increases  in  the  defect  state  density  at 
the  Si-dielectric  interface  that  derive  from  N-atom 
migration  to  that  interface,  and  (ii)  increases  in  the 
fixed  charge  and  trap  state  densities  within  the  bulk 
dielectrics  that  are  associated  with  intrinsic  bond¬ 
ing  defects  involving  the  N-atoms.  The  focus  of  this 
paper  is  on  multilayer  dielectrics  comprised  of 
O  and  N  layers,  and  we  address  the  issue  of  why 
different  combinations  of  plasma  and  rapid  thermal 
processing  are  needed  for  the  TFT,  and  the 
MOS/FET  applications.  However,  although  the 


primary  focus  is  on  nitrides  in  ONO  structures, 
similar  considerations  also  apply  to  the  oxynitride 
alloys  [1]. 

2.  Deposition  and  characterization  of  nitride  films 

Nitride  films  were  deposited  by  an  RPECVD 
process  described  in  detail  elsewhere  [2,6].  Films 
were  deposited  at  300°C,  initially  on  substrates  for 
characterizations:  (i)  c-Si  for  (a)  on-line  Auger  elec¬ 
tron  spectroscopy  (AES),  and  (b)  off-line  infra-red 
(IR)  absorption;  and  (ii)  fused  silica  for  optical  ab¬ 
sorption.  Source  gases  for  the  deposition  were 
silane  (SiH4)  and  ammonia  (NH3).  Performance  of 
nitrides  as  gate  dielectrics  was  found  to  vary  signifi¬ 
cantly  with  the  flow  ratio  {R)  of  NH3  to  SiH4  [1,6], 
which  in  turn  had  a  strong  influence  on  the  local 
bonding. 

Figs.  1(a)  and  (b)  summarize  the  results  of  AES 
and  IR  studies,  respectively,  for  depositions  in 
which  NH3  and  SiH4  were  injected  downstream 
from  a  He  plasma  [2].  Similar  results  have  also 
been  obtained  when  the  NH3  is  injected  upstream 
and  subjected  to  direct  plasma  excitation;  however 
the  flow  ratios  that  mark  demarcation  points  for 
the  different  local  bonding  arrangements  are  shift¬ 
ed.  Returning  to  Figs.  1(a)  and  (b),  as  R  is  increased 
there  are  systematic  changes  (i)  in  the  SiLw  feature 
of  the  AES  spectra  indicative  of  a  transition  from 
a  dominance  of  Si-Si  bonding  (^91  eV)  to  Si-N 
bonding  ( ~  83  eV);  and  (ii)  in  the  IR  spectra  indica¬ 
tive  of  a  transition  from  a  dominance  of  Si-H  to 
SiN-H  bonding.  The  flow  ratio  at  which  these 
changes  occur  is  about  the  same  for  both  of  this 
changes.  The  use  of  nitride  films  in  composite  di¬ 
electrics  for  TFTs  and  FETs  must  meet  two  mater¬ 
ial  constraints:  R  must  be  (i)  sufficiently  high  so 
there  is  no  AES  detectable  Si-Si  bonding,  and  (ii) 
not  so  high  that  the  SiN-H  concentration  becomes 
too  large.  For  downstream  deposited  nitrides  this 
range  is  -^7  <  R  <  ^  10  [2,4-6].  Note  that  for  this 
range  of  R  there  is  IR  absorption  in  both  Si-H  and 
SiN-H  modes,  but  the  absorption  in  the  SiN-H 
modes  dominates.  In  previous  studies,  we  did  not 
explain  the  observation  that  even  though  similar 
ratios  of  R  were  used  to  optimize  electrical  proper¬ 
ties  of  c-Si-MOS  devices  with  ONO  dielectrics  and 
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(b) 


Fig.  1.  (a)  AES  spectra  in  the  Sii.vv  region  as  a  function  of  the 
flow  ratio  {R)  of  HN3  to  SiH4;  (b)  reduced  IR  data  for  total 
bonded-H,  Si-H  and  SiN-H  as  a  function  of  R.  Lines  are  drawn 
as  guides  for  the  eye. 


TFTs  with  ON  structures,  the  c-Si  devices  required 
an  RTA  step  at  900°C  [1,2]  whereas  the  as-depos- 
ited  TFT  devices  at  did  not  [3-5].  The 

results  presented  below  identify  the  origin  of  this 
significant  difference  in  device  processing  require¬ 
ments. 

Studies  of  IR  absorption,  (A(Si-H)  and 
A(SiN“H)),  as  a  function  of  post-deposition  isoch¬ 
ronal  (30s)  RTAs  indicate  that  the  bonded-H  con¬ 
centrations  in  the  Si-H  and  SiN-H  configurations 
are  each  reduced  as  the  temperature  is  increased 
(see  Fig.  2).  There  are  at  most  relatively  small 


Teinperalure  ("C) 


Fig.  2.  Hydrogen  evolution  as  a  function  of  temperature  for 
R  =  2  sample.  Lines  are  drawn  as  guides  for  the  eye. 

changes  in  A(Si-H)  and  A(Si-NH)  for  temperatures 
below  about  400'’C,  whereas  there  are  significant 
and  similar  decreases  in  both  A(Si-H)  and 
A(SiN-H)  in  the  temperature  range  between 
-450"C  and  lOOO'C.  The  Si-H  and  N~H  bond 
energies  are  very  different,  ~3.35eV  and  4.05  eV, 
respectively,  and  also  sufficient  large,  so  that  (i) 
significant  H-evolution  at  that  temperatures  as  low 
as  500''C  {kT ^  0.07  eV)  is  at  first  surprising,  and  in 
addition  (ii)  similar  release  rates  of  H  from  both 
Si-H  and  SiN-H  are  not  anticipated.  This  low 
temperature  release  of  H  is  similar  to  what  has  been 
reported  for  H-evolution  for  hydrogenated 
amorphous  Si  where  the  microscopic  basis  has  not 
as  yet  been  unambiguously  determined. 


3.  Device  properties 

3.1.  Thin  film  transistors 

Studies  of  (i)  the  effective  channel  mobility,  and 
(ii)  the  threshold  voltage  of  bottom  gate  a-Si  TFTs 
as  a  function  of  R  indicate  that  TFT  performance  is 
optimized  for  R  ~  10.  This  is  at  a  flow  ratio  at  which 
Si-Si  bonds  cannot  be  detected  by  AES,  and  where 
absorption  in  Si-H  and  Si-NH  bonds  is  detected, 
but  where  the  Si-NH  is  stronger  than  the  Si-H  [4]. 
The  TFT  devices  were  fabricated  using  a  process 
that  included;  (i)  sequential  RPECVD  depositions 
of  Si02,  Si3N4 :  H,a-Si :  H,  and  n ^  a-Si  (or  n pc-Si) 
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Fig.  3.  Electrical  test  data  on  MOS  capacitors  as  a  function  of  R  for  as-deposited  (300°C,  and  400°C)  PMA,  and  RTA  ONO  sandwiches: 
(a)  Dit,  and  (b)  K,h.  Lines  are  drawn  as  guides  for  the  eye. 


onto  a  glass  substrate  with  pre-deposited  W-gate  all  processing  steps  were  done  at  temperatures 

electrodes;  (ii)  deposition  of  Al  onto  the  n"^  regions  ^  SOO^C;  (ii)  the  back  channel  passivation  step 

and  for  the  source  and  drain  contacts;  (hi)  selective  was  essential  to  maximize  the  drive  current,  and 
etching  to  define  the  TFT  geometry;  and  (iv)  forma-  thereby  yield  effective  channel  mobilities  of 

tion  of  a  thin  Si  oxynitride  passivation  layer  over  1.5  cm^  V"  ^s“  ^  [4]  ;  and  (iii)  the  threshold  volt- 

the  exposed  back  of  the  channel  [4].  Note  that:  (i)  age  was  reduced  to  values  between  1  and  2  V  by 
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substituting  [xc-Si  for  a-Si  source  and  drain 
contacts.  The  properties  of  the  a-Si :  H  TFTs  are  at, 
or  above  the  current  manufacturing  state  of  the  art. 
Further  increases  in  the  drive  current  and  channel 
mobility  to  ~6.5  cm^  V“  ‘  s^  ’  have  been  achieved 
by  using  B-compensated  pc-Si  [5],  but  as  with 
poIy-Si  TFTs,  at  the  expense  of  a  reduced  loJKn 
ratio. 

3.2.  MOS  capacitors 

Figs.  3(a)  and  (b),  respectively,  display  hatband 
voltage  (Ffb)  and  interface  trap  (Du)  data  for  MIS 
capacitors  with  ONO  dielectrics  (all  layers  ^  5  nm 
thick).  The  as-deposited  values  are  higher  than  for 
MOS  capacitors  with  deposited  oxide  dielectrics 
even  though  both  types  of  devices  have  been  sub¬ 
jected  to  the  same  processing  temperatures:  300‘'C 
for  the  oxidation  and  deposition  steps,  and  400''C 
for  the  post  metallization  anneals  (PMA).  However, 
after  a  900°C,  30  s  anneal  in  Ar  with  a  partial 
pressure  of  O2  sufficient  to  prevent  formation  of 
SiO  at  the  Si-Si02  interface,  (i)  the  values  of 
Dit  approach  those  of  devices  with  oxide  dielectrics, 
whilst  (ii)  the  values  of  Qf  are  still  about  a  factor  of 
2-3  higher.  The  best  electrical  performance  after 
the  RTAs  is  for  values  of  R  of  ^  8-10,  essentially 
the  same  as  for  optimized  performance  in  the  a-Si 
TFTs. 


4.  Discussion 

The  differences  in  the  processing  requirements 
for  optimized  electrical  performance  are  explained 
by  combining  the  temperature  dependent  IR  ab¬ 
sorption  in  Fig.  2  with  the  device  results.  This  as¬ 
sumes  that  release  of  bonded-H  at  temperatures 
between  400  and  SOO^'C  results  in  defect  generation 
via  the  creation  of  both  Si  and  N-atom  dangling 
bond  defects,  and  that  these  defects  are  annealed  at 
higher  temperatures  ^900'"C.  In  this  model,  the 
achievement  of  optimized  performance  in  the  TFTs 
with  processing  temperatures  no  higher  than  about 
300"'C  derives  from  the  IR  results  which  indicate 
that  300®C  is  well  below  the  threshold  for  detect¬ 
able  H-atom  release.  In  contrast,  the  MOS  struc¬ 
tures  with  Al  electrodes  require  a  PMA  at 


^400  —  450  C,  a  temperature  range  in  which  there 
is  measurable  release  of  H-atoms  from  both  the 
Si-H  and  SiN  H  sites.  The  fact  that  IR  absorptions 
for  both  groups  decrease  together  suggests  the  re¬ 
lease  of  this  H  is  a  cooperative  phenomena.  Fig.  4 
indicates  a  bonding  model  that  shows  how  this 
defect  generation/annealing  process  can  proceed. 
Fig.  4(a)  indicates  a  portion  of  the  nitride  film  that 
contains  near-neighbor  Si-H  and  SiN-H  groups 
prior  to  thermally  generated  H-release.  The  prox¬ 
imity  of  these  groups  is  consistent  with  constraints 
imposed  by  network  topology.  For  Fig.  4(b),  the 
temperature  has  been  raised  sufficiently  (e.g.,  to 
500-800'C)  to  promote  Fl-atom  release  from  both 
sites  creating  two  dangling  bonds  [7],  and 
a  H2  molecule  that  evolves  out  of  the  material.  For 
Fig.  4(c),  the  temperature  has  been  raised  further 
(e.g.,  to  900°C)  to  a  regime  where  atomic  relax¬ 
ations  occur  and  the  near-neighbor  dangling  bonds 
combine  to  produce  an  Si-N  bond.  This  aspect  of 
the  900''C  RTA  then  eliminates  defects  induced  by 
H-evolution  during  the  PMA  step.  Other  studies 
we  have  performed  indicate  that  it  is  likely  that 
there  is  a  precursor  state  to  the  cooperative  release, 
and  this  is  shown  in  Fig.  4(d),  where  an  intimate 
valence  alternation  pair  is  created  via  the  trapping 
of  a  hole,  following  a  mechanism  that  has  been 
proposed  for  the  Staebler-Wronski  effect  in  a-Si, 
N :  H  alloys  prepared  from  NH3  [8].  The  model  in 
Ref.  [8]  is  based  on  the  fact  that  near-neighbor 
Si-H  and  SiN-H  groups  are  linked  through  the 
H-bonding  interaction  as  shown  in  Fig.  4(d).  Trap¬ 
ping  of  a  thermally  or  optically  generated  hole  at 
this  center  will  produce  a  metastable  defect  pair  as 
shown  in  Fig.  4(e),  and  as  represented  by  the  reac¬ 
tion  equation  presented  below: 

=  SiH  -h  =  Si-NH-Si  -  +  1  h 

^  =  Sr  +  (  =  Si-NH2-Si  =  )^,  (1) 

where  =  Si""  denotes  a  Si-atom  dangling  bond.  In 
a-Si,  N  :  H  this  reaction  can  be  reversed  by  trapping 
of  a  thermally  generated  electron  during  a  low 
temperature  anneal  at  175-200''C;  the  activation 
energy  for  this  process  is  ~0.85  —  0.9  eV  consistent 
with  a  mid-gap  Fermi  level  position  in  the  light- 
soaked  a-Si:H.  In  contrast,  for  the  hydrogenated 
silicon  nitride  films,  heating  the  material  to 
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Fig.  4.  Changes  in  local  bonding  arrangements  for  H2  evolution  from  near-neighbor  Si-H  and  SiN-H  groups  in  hydrogenated  silicon 
nitride  films. 


temperatures  in  excess  of  400°C  is  sufficient  to 
release  H2  molecules,  where  the  release  process 
may  also  involve  trapping  of  a  thermally  generated 
electron  at  the  (  =  Si-NH2-Si  =  )  center,  fol¬ 
lowed  by  creation  and  evolution  of  H2.  A  mecha¬ 
nism  whereby  hole  trapping  initiates  the  formation 
of  a  metastable  center,  and  trapping  of  an  electron 
plays  a  role  in  the  release  of  bonded-H  would 
then  account  for  the  energetic  balance  necessary  for 
the  H-evolution  process  to  proceed.  Eqs.  (2a)  and 
(2b)  indicate  the  final  two  steps  of  the  proposed 
process: 

lc-h(  =  Si-NH2-Si-)^ 

^  =  Si°  +  (  =  Si-N°-Si  =  )  +  H2,  (2a) 

and 

=  SiH  -h  =  Si-N°-Si  =  +  annealing  (900°C) 

(  =  Si-N-Si  =  ).  (2b) 

Studies  of  nitride  films  prepared  form  deuterated 
ammonia  (ND3)  are  currently  underway.  Nitride 
films  prepared  from  ND3  and  SiH4  contain  only 


SiN-D  groups,  but  both  Si-H  and  Si-D  groups,  so 
that  evolution  of  HD  species  from  films  prepared  in 
this  way  would  reinforce  the  proposed  model 

5.  Conclusions 

Device  quality,  deposited  silicon  nitride  films  can 
be  prepared  by  low-temperature/low  thermal 
budget  plasma  assisted  processing.  This  research 
has  identified  several  processing  constraints  that 
impact  on  film  quality,  and  are  different  for  differ¬ 
ent  applications.  Films  deposited  at  300°C  by 
RPECVD  contain  bonded  hydrogen  in  both  Si-H 
and  SiN~H  groups,  and  depending  on  the  source 
gas  ratio,  R,  of  NH3  to  SiH4,  may  also  contain 
Si-Si  bonding.  In  order  to  minimize  defects,  it  is 
necessary  to  minimize  Si-Si  bonding;  this  requires 
values  of  R  greater  than  about  7.  In  addition,  it  is 
necessary  to  minimize  the  total  bonded  hydrogen 
concentration;  this  restricts  R  to  being  less  than 
about  10.  Films  deposited  at  300°C  can  be  em¬ 
ployed  in  device  structures,  provided  that  post-de¬ 
position  processing  does  not  exceed  the  deposition 
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temperature.  This  has  been  demonstrated  in  TFT 
devices  with  amorphous  and  microcrystalline  chan¬ 
nel  regions.  If  post-deposition  temperatures  exceed 
the  deposition  temperature  of  300X,  as  for 
example  in  PMA  steps  used  in  MOS  devices,  then 
hydrogen  is  released  form  the  Si~H  and  SiN~H 
groups  of  the  nitride.  If  the  post-deposition  pro¬ 
cessing  is  restricted  to  temperatures  below  900°C, 
then  this  evolution  of  hydrogen  results  in  defect 
generation  in  the  bulk  of  the  nitride  film,  and  at 
nitrided  Si-Si02  interfaces.  On  the  other  hand,  if 
a  relatively  low  thermal  budget  RTA  is  employed, 
e.g.,  900''C  for  30  s,  then  Si-N  bonds  can  reform 
after  release  of  hydrogen,  and  defect  densities  com¬ 
parable  to  those  of  thermal  oxides  can  be  obtained 
both  in  the  bulk  nitride  films,  and  at  the  nitrided 
Si-Si02  interfaces.  Experimental  results  on  hydro¬ 
gen  evolution  from  the  nitride  films  suggests  that 
the  H-release,  and  bond-healing  mechanisms  in¬ 
volve  near-neighbor  bonded-H  groups,  which  are 
coupled  together  via  hydrogen-bond  interactions. 


This  work  is  in  part  supported  by  ONR,  the  NSF 
and  SEMATECH. 


References 

[1]  Yi  Ma  and  G.  Lucovsky,  J.  Vac.  Sci.  Technol.  B12  (1994) 
2504. 

[2]  Yi  Ma,  T.  Yasuda,  S.  Habermehl  and  G,  Lucovsky,  J.  Vac. 
Sci.  Technol.  Bll  (1993)  1533. 

[3]  T.  Yasuda,  Yi  Ma,  S.  Habermehl  and  G.  Lucovsky,  Appl. 
Phys.  Lett.  60  (1992)  434. 

[4]  S.S.  He,  D.J.  Stephens,  R.W.  Raymaker  and  G.  Lucovsky, 
Mater.  Res.  Soc.  Symp.  Proc.  284  (1993)  413. 

[5]  G.  Lucovsky,  S.S.  He,  M.J.  Williams  and  D.J.  Stephens, 
Microelectron.  Eng.  25  (1994)  329. 

[6]  G.  Lucovsky,  Y.  Ma,  S.S.  He,  T,  Yasuda,  D.J.  Stephens  and 
S.  Habermehl,  Meter.  Res.  Soc.  Symp.  Proc.  284  (1993)  34. 

[7]  J.  Robertson,  Philos.  Mag.  B63  (1991)  47. 

[8]  G.  Lucovsky,  M.J.  Williams,  S.M.  Cho,  Z.  Jing  and  J.L. 
Whitten,  Mater.  Res.  Soc.  Spring  MRS  1994,  in  press. 


cz=3^3 


ELSEVIER  Journal  of  Non-Crystalline  Solids  187  (1995)  347-352 


JOURNA L  or 

NON-CRYSmLINESOUDS 


Plasma-enhanced  silicon  nitride  deposition  for  thin  film  transistor 

applications 

L.J.  Quinn*,  S.J.N.  Mitchell,  B.M.  Armstrong,  H.S.  Gamble 

Northern  Ireland  Semiconductor  Research  Centre,  Department  of  Electrical  and  Electronic  Engineering,  The  Queen ’s  University  of  Belfast, 

Ashby  Building,  Stranmillis  Road,  Belfast,  BT9  5 AH,  UK 


Abstract 

The  characteristics  of  silicon  nitride  films  deposited  in  a  multiprocess  reactor  have  been  investigated  to  determine  the 
most  suitable  layers  for  dielectric  and  passivation  applications.  Process  parameters  such  as  rf  power,  temperature  and  gas 
flow  ratios  have  been  varied  to  control  the  stoichiometry  of  the  films,  and  associated  parameters  such  as  refractive  index, 
BHF  etch  rate,  relative  permittivity  and  breakdown  field.  Using  these  results,  silicon  nitride  films  with  favourable 
characteristics  have  been  deposited  and  used  successfully  in  thin  film  transistors. 


1.  Introduction 

Plasma-enhanced  silicon  nitride  (SiNH)  layers 
have  a  number  of  important  applications  in  the 
semiconductor  industry.  They  are  used  extensively 
for  the  passivation  of  devices,  i.e.,  protection  of 
completed  devices  from  a  hostile  environment,  and 
as  a  dielectric  in  non-volatile  memory  elements  in 
MNOS  devices  or  high  efficiency  inversion  layer 
solar  cells  [1-4].  Excellent  step  coverage,  good 
adhesion  to  underlying  layers  and  a  diffusion  bar¬ 
rier  to  water  vapour  and  sodium  ions,  make  SiNH 
ideal  for  encapsulating  devices  after  the  final  metal¬ 
lisation  layer.  It  also  gives  particle  and  scratch 
protection  to  devices  during  mounting  operations. 
For  the  production  of  thin  film  transistors  (TFTs) 
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on  glass,  SiNH  can  be  used  for  two  purposes.  Glass 
plates  provide  a  low  cost  substrate  on  which  TFTs 
may  be  fabricated  for  LCD  panels  [5].  However, 
glass  contains  many  alkali  impurities  detrimental 
to  device  performance.  SiNH  can  be  deposited  over 
the  glass  substrate  to  prevent  diffusion  of  the  impu¬ 
rities  into  the  active  layers.  In  addition  it  has  been 
shown  that  good  quality  SiNH  can  be  deposited 
and  used  as  a  reliable  gate  dielectric  in  a  TFT  [6]. 
This  paper  will  include  the  characterisation  of 
SiNH  layers  deposited  in  a  multiprocessing  envi¬ 
ronment  and  their  application  to  TFTs. 


2.  Experimental  details 

Deposition  experiments  were  performed  in  a  cus¬ 
tom-built  multiprocess  reactor  which  has  been  de¬ 
scribed  previously  [7].  Silicon  substrates  ([100] 
2-5  Q  cm,  n-type)  were  given  a  H2O2/H2SO4  chemical 
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BHF  Etch  Rate  (A/min)  Breakdown  Field  (MV/cra) 


Fig.  1.  Breakdown  field  and  BHF  etch  rate  versus  temperature  at  a  rf  power  of  100  W  and  NH3/SiH4  ratio  of  8 : 1.  The  lines  are  drawn 
as  guides  for  the  eye. 


clean,  10: 1  HF  dip,  DI  rinse  and  spin  dry  before 
loading  into  the  reactor.  SiNH  was  deposited  by 
ionising  silane  (diluted  in  nitrogen)  and  ammonia  in 
a  glow  discharge  created  by  an  inductively  coupled 
antenna.  The  maximum  rf  power  was  1  kW,  at 
a  frequency  of  13.56  MHz.  The  process  conditions 
investigated  were  reactive  gas  flow  ratio 
(NH3/SiH4  varied  8:  1-2:1),  temperature  (range 
300-550°C),  and  rf  power  (100-200  W).  In  each 
experiment  a  SiNH  layer  of  approximately  1000  A 
was  deposited.  For  each  process  condition,  depos- 
ition  rate,  BHF  (7%)  etch  rate  and  refractive  index 
were  measured.  In  addition  MNS  capacitors  were 
fabricated  and  used  to  obtain  further  information 
about  the  layers,  namely  the  relative  permittivity 
and  the  breakdown  field. 


3.  Results  and  discussion 

It  is  widely  known  that  the  hydrogen  content  in 
a  SiNH  layer  increases  dramatically  when  depos¬ 
ited  at  temperatures  below  300°C  [8].  This  temper¬ 
ature  has  traditionally  been  used  to  deposit  SiNH 
for  passivation  applications  where  the  layer  does 
not  experience  further  high  temperature  processing. 
It  has  been  shown  that  hydrogen  which  leaves  the 


SiNH  layer  during  subsequent  high  temperature 
processing  can  be  detrimental  to  device  perfor¬ 
mance  [9].  Fig.  1  shows  the  breakdown  voltage 
and  BHF  etch  rate  of  SiNH  layers  deposited  in  the 
temperature  range  300-550°C.  The  reduction  in 
BHF  etch  rate  indicates  a  decreased  oxygen  con¬ 
tent  and  higher  density.  The  hydrogen  content  is 
also  lower  in  films  deposited  at  higher  temper¬ 
atures.  It  is  also  favourable  to  work  at  these  rela¬ 
tively  high  temperatures  for  SiNH  deposition  since 
this  minimises  time  between  SiNH  deposition  and 
polysilicon  gate  deposition  for  in  situ  sequential 
processing  in  TFT  fabrication.  The  benefits  of  the 
multiprocess  are  that  the  SiNH  layer  is  never  ex¬ 
posed  to  atmosphere  and  interface  contamination 
is  minimised.  For  these  reasons  all  subsequent 
SiNH  depositions  were  performed  at  550°C.  The 
dependence  of  refractive  index  and  BHF  etch  rate 
on  the  active  gas  flow  ratio  at  dififerent  rf  powers  is 
given  in  Figs.  2  and  3.  For  an  increase  in  rf  power 
the  refractive  index  decreases,  this  can  be  inter¬ 
preted  as  a  reduction  in  the  Si/N  ratio  in  the  film. 
As  the  NH3/SiH4  ratio  is  decreased  the  films  be¬ 
come  increasingly  silicon  rich  which  results  in 
a  higher  refractive  index.  This  is  correlated  with 
a  lower  BHF  etch  rate.  SiNH  films  with  a  higher 
silicon  content  are  more  suited  to  passivation 
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Refractive  Index 


Fig.  2.  Refractive  index  versus  gas  flow  ratio  at  three  levels  of  rf  power  and  a  temperature  of  550°C.  The  lines  are  drawn  as  guides  for  the 
eye. 


BHF  Etch  rate  (A/min) 


Fig.  3.  BHF  etch  rate  versus  gas  flow  ratio  at  three  levels  of  rf  power  and  a  temperature  of  550°C.  The  lines  are  drawn  as  guides  for  the 
eye. 


applications  since  these  layers  have  a  high  density 
but  have  a  relatively  low  breakdown  field. 

Mean  electron  energy  or  electron  temperature  in 
the  plasma  is  much  higher  than  the  substrate  tem¬ 
perature  so  it  may  be  concluded  that  the  electron 
impact  dissociation  rate  is  nearly  independent  of 
the  substrate  temperature.  In  fact  the  plasma 


enhanced  deposition  rate  was  found  to  have  a  low 
thermal  activation  energy  of  0.01  eV. 

From  Figs.  4  and  5  it  can  be  seen  that  the  SiNH 
deposition  rate  depends  only  slightly  on  gas  phase 
composition  and  total  pressure.  Slight  changes  in 
the  deposition  rate  for  different  gas  compositions 
can  be  explained  by  the  small  variations  in  the 
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Fig.  4.  Deposition  rate  versus  NH3/SiH4  gas  flow  ratio  at  a  temperature  of  550  C.  The  lines  arc  drawn  as  guides  for  the  eye. 
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Fig.  5.  Deposition  rate  versus  pressure  at  a  rf  power  of  lOO  W  and  temperature  of  550  C.  The  line  is  drawn  as  a  guide  for  the  eye. 


cross-section  for  ionisation  and  dissociation  for  the 
different  gases  since  mean  electron  energy  is  also 
dependent  on  composition.  Pressure  has  little  effect 
on  the  deposition  rate  since  at  lower  pressures  the 
mean  electron  energy  is  higher  but  ionisation  and 
dissociation  are  proportional  to  total  pressure  [10]. 
The  relative  permittivity,  s,,  is  also  dependent  on 
the  process  conditions  and  results  indicate  that 


increases  as  the  NH3/SiH4  gas  flow  ratio  in¬ 
creases,  which  suggests  a  reduction  in  the  Si/N 
ratio  giving  a  nitrogen  rich  film.  The  breakdown 
field  follows  a  similar  pattern  with  the  most  insulat¬ 
ing  layer,  i.e.,  highest  breakdown  field,  correspond¬ 
ing  to  the  highest  NH3/SiH4  ratio.  These  results 
were  obtained  from  measurements  on  MNS  capaci¬ 
tors. 
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Fig.  6.  RBS  depth  profile  of  optimised  SiNH  sample. 


4.  Process  conditions  and  RBS/SIMS  analysis  of  the 
SiNH  layer 

From  the  data  above  it  was  possible  to  select 
deposition  parameters  to  deposit  SiNH  as  a  dielec¬ 
tric  and  a  passivation  layer.  A  passivation  layer 
requires  a  dense  film  to  prevent  the  diffusion  of 
impurities.  As  a  gate  insulator  the  film  should  also 
have  a  minimal  H  and  O  content,  low  pinhole 
density  and  a  high  breakdown  field.  A  SiNH  layer 
with  the  above  properties  can  be  deposited  using 
the  following  conditions,  NH3/SiH4  ratio  of  8 : 1,  rf 
power  150W  and  a  substrate  temperature  of 
550°C.  This  process  has  a  deposition  rate  of 
185  A/min,  and  the  SiNH  film  has  a  relative  permit¬ 


tivity  of  6.75  and  a  breakdown  field  of  7.7  MV/cm. 
RBS  and  SIMS  analysis  of  the  layers  were  carried 
out  to  verify  the  initial  experimental  work.  The 
RBS  spectra  were  acquired  at  backscattering  angles 
of  160°  and  111°  with  a  primary  He^^  ion  beam 
operating  at  2.275  MeV.  The  results  for  a  3100  A 
thick  SiNH  sample  deposited  on  a  silicon  ([1  00] 
n-type)  substrate  are  shown  in  Fig.  6.  The  layer  has 
a  Si/N  ratio  of  0.73  and  there  are 
2.43  X  10^®  atoms/cm^  present  in  the  samples  giv¬ 
ing  a  density  of  2.7  g/cm^.  No  variations  in  the  Si  or 
N  concentrations  were  detected  with  respect  to 
depth  in  the  film  and  no  impurities  were  detected. 
The  detection  limit  for  C  and  O  was  approximately 
5  at.%  while  for  atoms  heavier  than  P  the  detection 
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limit  was  0.05  at.%  or  less.  Hydrogen  cannot  be 
detected  by  RBS  so  to  complete  the  analysis 
a  SIMS  profile  of  a  TFT  type  structure  was  ob¬ 
tained.  From  this  it  was  calculated  that  the  layer 
contains  11%  of  atomic  hydrogen. 


5.  TFT  fabrication 

Using  the  above  process  conditions  for  the  SiNH 
layer,  TFTs  were  fabricated  by  the  procedure  re¬ 
ported  previously  [11].  The  SiNH  films  were  de¬ 
posited  in  a  multiprocess  procedure,  such  that  the 
gate  dielectric  layer  was  never  directly  exposed  to 
atmosphere.  The  characteristics  of  these  devices 
were  significantly  better  than  those  fabricated  with 
a  high  temperature  thermal  gate  oxide.  The  im¬ 
provements  in  the  characteristics  will  be  discussed 
elsewhere  [12].  Devices  fabricated  yielded  a  mobil¬ 
ity  of  30  cm’/V s,  threshold  voltages  of  2.7  V, 
fxlh'g  =  10)  Aoff(I^g  =  0)  of  10"^  and  the  sub-thre¬ 
shold  slope  at  Fg  =  5  V  was  2  V/decade. 

6.  Conclusions 

PECVD  deposition  of  SiNH  was  investigated  in 
the  temperature  range  of  300-550°C.  The  depos¬ 
ition  process  was  optimised  and  incorporated  in 
a  multiple  in  situ  layer  deposition  schedule  for  the 


production  of  TFTs.  For  this  application  consider¬ 
able  advantages  are  gained  by  depositing  the  films 
at  temperatures  above  300''C,  where  the  H  content 
is  reduced  and  dielectric  properties  are  improved. 
Experimental  work  showed  that  a  slightly  nitrogen 
rich  film  yields  the  best  characteristics  for  use  as 
a  dielectric.  No  impurities  were  detected  in  the 
layers  from  RBS  analysis  and  SIMS  results  showed 
that  the  layers  had  a  H  content  of  less  than  1 1  %. 
TFTs  fabricated  using  these  layers  have  given  ex¬ 
cellent  results  with  high  mobilities  and  low  thre¬ 
shold  voltages. 
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Abstract 

Hydrogenated  amorphous  silicon  nitride  films  have  been  prepared  by  laser-induced  chemical  vapour  deposition  from 
NH3-SiH4.-Ar  gas  mixtures,  heated  by  the  gas-phase  absorption  of  CO2  laser  radiation.  Samples  have  been  character¬ 
ized  by  ellipsometry  (/  =  632  nm)  and  Fourier  transform  infrared  spectroscopy  to  determine  refractive  index,  thickness 
and  bond  composition.  With  regard  to  the  power  density  effect,  there  is  a  non-linear  dependence  of  the  reaction  process 
leading  to  film  growth,  opposite  to  what  has  been  found  for  the  Si02  deposition  from  silane  and  nitrous  oxide  using  the 
same  experimental  set-up.  Starting  from  certain  conditions,  by  only  increasing  the  laser  power  from  24  to  30  W 
a  dramatic  change  in  growth  rate  is  obtained  from  10  to  200  A/min.  Moreover  by  holding  constant  all  other  processing 
parameters  and  increasing  the  total  pressure  the  deposition  rate  could  be  further  enhanced,  the  upper  limit  being  when 
the  formation  of  powdery  deposits  began.  The  study  of  the  dependence  of  growth  rate  on  total  gas  pressure  for 
a  NH3/SiH4  =  20  gas  flow  rate  ratio  has  demonstrated  that  the  peak  gas  temperature  controls  the  deposition  rate, 
revealing  that  the  process  is  driven  by  gas  phase  reactions.  A  strong  influence  of  the  NH3/SiH4  gas  flow  ratio  on  the  film 
properties  has  been  observed.  An  increment  of  this  ratio  produces  a  drop  in  the  refractive  index,  indicating  that  the  film 
incorporates  more  nitrogen.  This  behaviour  is  corroborated  by  infrared  spectra.  The  Si-N  stretching  peak  shifts  from  844 
to  835  cm~  ^  and  a  diminution  of  the  full  width  at  half-maximum  is  observed.  These  changes  are  probably  related  to  the 
incorporation  of  bonded  hydrogen. 


1.  Introduction 

Silicon  nitride  films  on  silicon  or  silicon  dioxide 
are  commonly  used  in  semiconductor  technology, 
as  gate  dielectric,  diffusion  mask,  and  for  passiva¬ 
tion  [1].  A  major  use  constitutes  the  manufacturing 
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of  integrated  circuits  as  a  barrier  layer  to  encapsu¬ 
late  the  final  circuits.  It  has  been  found  that  nitride 
films  have  the  capability  of  retaining  for  a  long  time 
current  carriers  of  both  signs:  electrons  and  holes. 
Based  on  this  phenomenon,  non-volatile  memory 
devices  have  been  produced.  The  requirement  of 
a  thin  silicon  nitride  film  ( 400  A)  with  reproduc¬ 
ible  electrical  properties  has  precluded  the  usage  of 
plasma  chemical  vapour  deposition  (CVD),  and 
therefore  thermal  CVD  is  an  alternative  choice  [2]. 
Both  plasma  and  thermal  CVD  silicon  nitride  films 
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used  in  circuit  manufacturing  contain  measurable 
amounts  of  incorporated  hydrogen.  The  amount 
depends  on  the  deposition  process  parameters  and 
post  treatment  of  the  films.  The  incorporation  of 
hydrogen  into  these  films  actually  benefits  their 
electrical  properties  by  reducing  defects  associated 
with  uncoordinated  silicon  bonds  [3].  The  laser- 
induced  CVD  method  reported  here  not  only 
retains  the  advantage  of  low  (and  controllable) 
substrate  temperatures  associated  with  plasma 
CVD  methods,  but  should  more  closely  approxi¬ 
mate  thermal  activation  of  the  precursor  reaction 
gases. 

The  use  of  a  CO2  laser-induced  CVD  technique 
to  deposit  films  of  silicon  nitride  from  SiH4  and 


NH3  mixtures  is  reported  here.  With  these  gases  as 
precursors  the  10.6  pm  line  of  the  CW-CO2  laser  is 
resonantly  absorbed  by  the  SiH4  and  NH3  molecu¬ 
les  [4].  Energy  redistribution  by  intermolecular 
collisions  leads  to  gas  heating,  which  controls  the 
gas-phase  reaction  [5].  An  exhaustive  study  has 
been  carried  out  on  the  role  of  the  power  density 
and  the  total  pressure  on  deposition  and  growth 
rate.  These  results  were  compared  to  those  ob¬ 
tained  with  Si02  deposited  from  SiH4  +  N2O  mix¬ 
tures  [6,7]  using  the  same  experimental  set-up, 
showing  the  contribution  of  NH3  in  the  gas  heat¬ 
ing.  Moreover  the  influence  of  the  NH3/SiH4  gas 
flow  rate  ratio  on  the  film  refractive  index  and  bond 
composition  has  been  investigated. 


TOTAL  PRESSURE  CTorr) 

Fig.  1.  Influence  of  the  laser  power  density  and  the  total  pressure  on  film  deposition,  for  two  flow  rate  ratios  {[ - 1  NH3/SiH4  =  8, 

I - 1  NH3/SiH4  -  20). 
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2.  Experimental  details 

The  experimental  set-up  consists  of  a  CO2  laser 
beam  tuned  at  10.6  pm  passing  through  a  reaction 
chamber  filled  with  the  reactive  gases  [7],  SiH4  and 
NH3.  Substrates  are  Si(lOO)  wafers  placed  on 
a  temperature-controlled  heater,  positioned  paral¬ 
lel  to  the  laser  beam.  The  chamber  is  placed  on  an 
elevating  stage  that  allows  adjustment  of  the  dis¬ 
tance  between  the  beam  axis  and  the  substrate 
surface  with  an  accuracy  of  ±0.1  mm. 

The  beam  is  focussed  by  a  KCl  lens  with  a  focal 
length  of  500  mm,  which  yields  a  beam  of  2  mm 
diameter  with  a  focal  depth  of  14  cm.  At  this  is  the 
same  length  as  the  deposition  zone  in  the  chamber, 
the  focused  beam  can  be  considered  cylindrical  in 
the  deposition  zone.  The  power  transmitted  by  the 
gas  mixture  was  monitored  at  the  exit  window. 
After  an  initial  period  of  irradiation,  the  transmit¬ 
ted  power  reaches  a  stationary  value,  which 
allows  one  to  calculate  the  absorption  coefficient  of 
the  gas  mixture  for  each  set  of  the  experimental 
conditions. 


Gas  flow  rates  were  monitored  by  electronic 
mass  flow  controllers.  The  gas  pressure  was  mea¬ 
sured  by  a  capacitance  manometer.  In  addition  to 
the  reactive  gases,  an  Ar  stream  was  used  to  purge 
the  inlet  window  to  prevent  the  formation  of  de¬ 
posits  on  its  inner  surface,  which  could  decrease  the 
power  coming  into  the  chamber.  The  reactive  gases 
entered  into  the  reaction  zone  through  pinholes 
distributed  uniformly  along  a  tube  situated  perpen¬ 
dicular  to  the  beam  pathway.  The  reaction  zone  of 
the  chamber  was  separated  from  the  window  zones 
by  baffles,  which  stabilize  the  reactive  flow  in  the 
reaction  area.  Operation  without  baffles  leads  to 
lower  deposition  rates  as  well  as  to  powder  forma¬ 
tion  on  the  windows.  All  experiments  reported  here 
were  performed  at  a  substrate  temperature  of 
300"’C.  The  films  were  characterized  by  ellip- 
sometry  {X  =  632.8  nm)  and  Fourier  transform  in¬ 
frared  (FTIR)  spectroscopy. 

For  the  deposition  of  silicon-nitride  films,  elec¬ 
tronic  grade  SiH4  and  NH3  (as  the  reactant  gases) 
and  99.995%  pure  Ar  were  used.  The  NH3/SiH4 
mass  flow  ratios  were  8  and  20.  The  laser  power 


Fig.  2.  Dependence  of  deposition  rate  on  the  power  density  for  two  flow  rate  ratios.  (1)  NH3/SiH4  =  8:  O,  45Torr;  A,  60Torr; 
□,  75  Torr.  (2)  NH3/SiH4  =  20:  •,  41  Torr;  ♦,  50  Torr.  Lines  are  drawn  as  guides  for  the  eye. 
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Fig.  3.  Arrhenius  plot  of  the  growth  rate  as  a  function  of  the  reciprocal  calculated  peak  gas  temperature  for  films  made  at 
NH3/SiH4  =  20.  □,  41  Torn  A,  50  Torn  O,  63  Torr;  =  300  C.  The  data  are  fitted  to  the  function  P^-^)  =  A  +  B/T. 


and  the  total  pressure  were  varied  in  the  range  of 
12-34  W  and  40-106  Torr,  respectively. 

3.  Results  and  discussion 

The  experimental  parameters  which  influence  the 
growth  rate  and  the  chemical  composition  of  sili¬ 
con  nitride  are  the  laser  power,  the  total  pressure, 
the  substrate  temperature,  and  the  reaction  gas 
composition.  Each  of  these  parameters  may  alter 
the  fundamental  physical  and  chemical  processes 
occurring  in  the  CVD  reactor  in  a  complex  way. 
A  single  experimental  variable  can  change  several 
of  the  film  properties,  and  many  variables  appear 
interrelated.  We  present  a  generalized  picture  of 
how  the  main  CVD  experimental  variables  influ¬ 
ence  several  of  the  measured  film  properties. 

Previous  studies  of  the  reaction  kinetics  in 
the  system  have  revealed  that  this  laser-induced 
chemical  vapour  deposition  (LCVD)  process  is 
a  thermally  activated  process  [8].  The  growth  rate 
of  nitride  films  should  be  controlled  by  the  thermal 
dissociation  and  reaction  of  SiH4  and  NH3;  thus,  it 


should  be  exponentially  dependent  on  the  peak  gas 
temperature,  Tg.  The  peak  gas  temperature  can  be 
calculated  from  a  steady-state  energy  balance  be¬ 
tween  the  energy  absorbed  by  the  gas  and  the 
energy  lost  by  thermal  conduction  [5,8,9]. 

3. 1.  Influence  of  power  density  and  total  pressure  on 
film  deposition 

To  investigate  the  domain  of  nitride  film  depo¬ 
sition,  experimental  series  varying  the  total  pres¬ 
sure  and  power  density  were  performed  for  two 
NH3/SiH4  flow  rate  ratios,  while  keeping  constant 
the  substrate  temperature  and  the  geometrical 
parameters.  Fig.  1  shows  the  influence  of  laser 
power  intensity  and  total  pressure  on  deposition  of 
film.  Three  zones  have  been  identified:  (I)  film  de¬ 
position,  (II)  no  measurable  deposition  and  (III) 
formation  of  powder  or  powdery  film.  The  behav¬ 
iour  is  similar  for  the  two  series.  A  study  of  the 
power  absorbed  by  the  gas  mixture  shows  both 
lower  and  upper  limits  for  obtaining  no  measurable 
deposition  and  powder  formation,  respectively. 
This  values  are  independent  of  the  total  pressure 
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and  the  laser  power  density.  This  result  indicates 
that  the  nitride  deposition  film  by  CO2  laser- 
induced  CVD  is  controlled  by  the  gas  temper¬ 
ature. 

In  the  domain  of  film  formation  growth  rates 
from  10  to  200  A/min  were  obtained.  Fig.  2  shows 
the  dependence  of  the  growth  rate  on  the  laser 
power  density.  In  this  range  the  growth  rate  is  an 
exponential  function  of  the  power  density.  Since  for 
the  different  series  performed  at  various  total 
pressure  values  and  flow  rate  ratios  the  same  ex¬ 
ponential  coefficient  proportional  to  the  laser 
power  density  is  obtained,  it  can  be  concluded  that 
the  chemical  dynamics  remains  the  same  within  this 
range  of  experimental  conditions.  However,  this 


result  differs  from  the  linear  variation  of  deposition 
rate  with  power  density  that  has  been  obtained  by 
our  group  [6]  for  Si02  films  (SiH4  +  N2O  -h  Ar 
mixture)  with  the  same  experimental  set-up.  This 
difference  of  behaviour  could  arise  from  the  fact 
that  in  the  SiH4  +  NH3  -I-  Ar  mixture  both  silane 
and  ammonia  absorb.  In  fact,  the  coupled  energy  in 
this  process  becomes  larger  as  the  gas  is  heated  to 
higher  temperatures  for  higher  power  densities,  in¬ 
dicating  that  either  or  both  the  thermal  excited 
precursor  molecules  and  their  fragments  contribute 
significantly  this  increase. 

The  chemical  reaction  leading  to  the  film  growth 
depends  on  both  the  gas  temperature  and  the  reac¬ 
tant  concentration.  By  applying  the  temperature 
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Table  1 

Film  properties  for  samples  deposited  at  two  NH3/SiH4.  gas  flow  ratios 


Sample 

Pressure 

(Torr) 

Flow  ratio 
NH3/SiH4 

FWHM 
(cm  “  ^ ) 

Peak  position 

Si-N 

(cm“M 

n 

m28 

40 

8 

215 

845 

2.9 

m36 

40 

20 

175 

832 

2.7 

calculation  model  developed  in  Ref.  [8],  the  sta¬ 
tionary  peak  gas  temperature  was  determined  for 
each  experiment  related  to  the  produced  films. 
Fig.  3  shows  a  pressure-independent  Arrhenius 
plot  for  samples  deposited  at  several  pressures  and 


power  density.  All  points  overlap  approximately  on 
a  line  of  best  fit,  from  which  an  apparent  activation 
energy  of  =  31  kcal/mol  has  been  calculated 
[5,8].  This  result  demonstrates  that  the  peak 
gas  temperature  controls  the  film  growth  rate. 
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Moreover,  it  indicates  that  the  reaction  is  kineti- 
cally  limited  in  the  gas  phase  (at  least  under  our 
specific  experimental  conditions). 

3.2.  Dependence  of  refractive  index  and  chemical 
bonding  on  the  [NHJ/  [SiH4]  flow  ratio 

The  refractive  index  is  a  commonly  measured 
property  of  LCVD  silicon  nitride  films.  The  values 
for  refractive  index  have  many  variations  depend¬ 
ing  on  the  deposition  techniques,  deposition  and 
geometrical  parameters.  The  NH3/SiH4  flow  ratio 
is  a  very  important  parameter  in  the  LCVD  of 
Si3N4  as  well  as  in  other  techniques.  High  values  of 
the  refractive  index  are  caused  by  silicon-rich  films 
such  as  those  formed  with  high  silicon  to  ammonia 
or  silane  to  nitrogen  ratios  [2].  Too  low  values  of 
the  refractive  index  may  indicate  oxygen  impurities. 
In  our  case,  taking  into  account  that  the  reactor 
base  vacuum  pressure  was  10“^  Torr,  oxygen  con¬ 
tamination  may  be  precluded. 

The  chemical  bonding  in  the  deposited  Si3N4 
thin  films  has  been  studied.  Fig.  4  shows  the  IR- 
absorption  spectra  of  films  grown  in  these  experi¬ 
ments  having  characteristics  similar  to  these  pro¬ 
duced  by  other  techniques  [10,11].  Following 
features  may  be  identified:  (1)  a  Si-N  stretching 
vibration  near  835  cm“^  (2)  a  Si-H  stretching  vi¬ 
bration  at  2100  cm" ^  (3)  a  the  N-H  bending  vi¬ 
bration  near  1150cm“S  and  (4)  a  Si-H  wagging 
vibration  at  640  cm  ”  L  There  is  no  evidence  for  any 
absorption  associated  with  N-H  stretching  vibra¬ 
tion,  which  would  occur  between  3000-3500  cm"  ^ 
The  Si-N  bond  concentration  cannot  be  accurately 
quantified  from  the  FTIR  spectrum  since  the  peak 
around  800-900  cm"^  represents  the  contributions 
of  two  peaks  due  to  both  Si-N  stretching  and  Si-H 
bending  modes.  Moreover,  no  contribution  from 
Si-O  was  observed,  corroborating  that  the  layers 
are  nitrides  and  not  oxynitrides. 

The  influence  of  the  NH3/SiH4  ratio  on  the 
refractive  index  and  structure  has  been  investi¬ 
gated,  by  ellipsometry  and  FTIR  spectroscopy 
analysis.  The  refractive  index  shows  a  strong  de¬ 
pendence  on  the  flow  ratio,  and  the  behaviour  is 
similar  for  the  two  series  (Table  1).  The  refractive 
index  decreases  when  the  NH3/SiH4  flow  ratio 
increases,  indicating  a  change  in  the  film  properties. 


This  behaviour  is  corroborated  by  IR-spectroscopy 
measurements. 

The  Si-N  stretching  band  of  our  samples  for 
NH3/SiH4  =  8,  20  at  constant  pressure  is  shown  in 
Fig.  5.  The  curves  show  a  small  shift  towards  lower 
frequencies  in  the  peak  position  of  the  Si-N 
stretching  mode  and  a  diminution  of  the  full  width 
at  half  maximum  (FWHM)  with  increasing  flow 
ratio.  These  changes  are  probably  related  to  the 
amount  of  bonded  hydrogen.  The  frequency 
changes  of  the  Si-N  bond  vibration  are  related  to 
the  modifications  in  the  nearest-neighbour  environ¬ 
ment  of  both  the  Si  and  N  atoms  [10,11].  Having 
N-H  bonds  within  the  film,  the  Si-N  stretching 
vibration  will  tend  to  decrease  to  835  cm"^  when 
incorporating  more  N,  it  means  less  H. 

The  high  value  of  refractive  index  and  the  strong 
presence  of  the  Si-H  stretching  mode  and  specially 
the  appearance  of  the  Si-H  wagging  vibration  at 
640cm”\  a  peak  not  usually  reported  in  silicon 
nitride,  but  common  in  a-Si:H  films,  could  indi¬ 
cate  that  the  films  may  be  nitrogen-poor  and 
hydrogen-rich.  Rutherford  backscattering  spectro¬ 
metry  (RBS)  and  elastic  recoil  detection  analysis 
(ERDA)  stoichiometric  measurements  are  being 
performed  presently  to  confirm  this  hypothesis. 


4.  Conclusions 

A  systematic  study  has  been  performed  on  the 
CO2  LCVD  of  nitride  films  in  a  parallel  configura¬ 
tion.  The  dependence  of  the  deposition  rate  of  the 
Si3N4  films  on  power  density  and  total  pressure  in 
LCVD  has  been  studied.  The  growth  rate  is  an 
exponential  function  of  the  laser  power  density.  All 
series  show  the  same  exponential  coefficient  inde¬ 
pendent  of  the  total  pressure  and  the  NH3/SiH4  flow 
rate  ratio.  Using  a  very  simple  temperature  calcu¬ 
lation  model,  differential  experimental  series  have 
been  brought  to  agreement  on  a  single  pressure- 
independent  Arrhenius  plot,  demonstrating  that  the 
growth  mechanism  is  thermally  driven  in  the  gas 
phase.  Infrared  transmission  spectra  of  these  films 
show  the  characteristic  absorption  bands  of  Si-N, 
Si-H  and  N-H.  RBS  and  ERDA  stoichiometric 
measurements  will  confirm  to  what  extent  the  films 
are  poor  in  nitrogen  and  the  degree  of  hydrogenation. 
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Abstract 

Ultrathin  (  <  10  nm)  dielectric  films  for  application  in  metal-oxide-semiconductor  devices  have  been  fabricated  in  an 
O2 :  N2O  atmosphere  using  rapid  thermal  processing.  It  is  shown  that  with  increasing  N2O  content  in  the  mixtures  of 
N2O  and  O2,  the  oxide  thickness  decreases  and  the  interfacial  nitrogen  concentration  increases.  Therefore,  the  nitrogen 
concentration  at  the  Si/Si02  interface,  responsible  for  improved  electrical  characteristics,  is  adjustable  by  the  O2 :  N2O 
ratio.  High  charge-to-breakdown  (2bd)  values  comparable  to  oxides  processed  in  pure  N2O  atmosphere  are  obtained  for 
electron  injection  from  the  Si  substrate.  For  electron  injection  from  the  gate,  the  values  are  considerably  higher.  For 
an  O2 :  N2O  ratio  of  3 : 1  the  highest  Qbd  values  have  been  obtained  together  with  a  very  homogeneous  Qrd  distribution 
across  the  wafer. 


1.  Introduction 

In  the  near  future,  the  development  of  highly 
reliable,  very  thin  Si02  films  will  be  of  crucial 
importance  for  the  manufacture  of  sub-0.25  pm 
metal-oxide-semiconductor  field-effect  transistors 
(MOSFETs).  The  oxide  thickness  will  decrease 
from  9  nm  for  0.35  pm  to  6.5  nm  for  0.25  pm  ULSI 
devices  due  to  device  design  rules  [1].  Using  rapid 
thermal  processing  (RTF)  oxynitride  grown  in 
a  pure  N2O  atmosphere  on  silicon  substrates  has 
recently  drawn  attention  to  its  candidature  as 
a  gate  dielectric  for  deep  submicron  MOSFET  de¬ 
vices.  It  exhibits  high  charge-to-breakdown 
Qbd  values  [2,3]  and  high  hot  carrier  integrity  [4]. 


*  Corresponding  author.  Tel:  +49-9131  761  308.  Telefax: 
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However,  thickness  and  electrical  inhomogeneities 
across  the  wafer  of  the  dielectric  films  grown  in 
pure  N2O  atmosphere  are  reported  [5]  and  the 
self-limiting  growth  of  oxynitrides  resulting  in  pro¬ 
longed  processing  times  increases  the  thermal 
budget. 

In  this  paper  we  report  on  structural  and  electri¬ 
cal  properties  of  dielectric  films  processed  in  mix¬ 
tures  of  N2O  and  O2  by  RTF  as  proposed  by  [6] 
and  compare  them  with  oxides  grown  in  pure 
O2  and  N2O  atmospheres.  This  process  has  a  lower 
thermal  budget  due  to  the  enhanced  oxidation  rate 
and  exhibits  a  better  film  thickness  homogeneity 
compared  to  an  oxynitridation  process  in  pure 
N2O  atmosphere.  Furthermore,  this  method  pro¬ 
vides  excellent  control  of  nitrogen  peak  concentra¬ 
tion  at  the  Si02/Si  interface,  which  is  an  important 
parameter  determining  MOSFET  characteristics 
[7].  By  varying  the  N20:02  ratio  in  the  gas 
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mixture  improved  Qbd  distributions  across  the  wa¬ 
fer  and  higher  Qbd  values  for  electron  injection 
from  the  substrate  compared  to  oxynitride  films 
oxidized  in  pure  N2O  atmosphere  could  be  ob¬ 
tained. 


2,  Experimental  procedure 

The  Si02  and  SiO^^N^  films  were  grown  on 
4-6  Q  cm,  p-type  (100)  Si  wafers  after  a  standard 
wet  cleaning  procedure  by  applying  the  following 
oxidation  and  nitridation  process  steps:  (a)  oxida¬ 
tion  in  dry  oxygen,  (b)  oxidation  in  dry  nitrous 
oxide  and  (c)  oxidation  in  a  mixture  of  oxygen  and 
nitrous  oxide  with  02:N20  ratios  of  1:3,  1:1  and 
3:1.  The  oxidation  temperature  was  1120''C  and 
the  flow  rate  of  the  gases  during  the  oxidation  was 
set  to  2  slm.  After  growth  of  the  dielectric,  a  500  nm 
thick  polysilicon  layer  was  deposited  by  low-pres¬ 
sure  chemical  vapor  deposition  (LPCVD)  at  620"’C. 
The  layer  was  doped  with  phosphorus  at  950^C. 
The  gates  of  area  A  =  0.02  nm^  of  MOS  capacitors 
were  defined  by  photolithography  and  wet  etching. 

The  nitrogen  depth  profiles  were  determined  by 
secondary  ion  mass  spectroscopy  (SIMS)  using  Cs  ^ 
bombardment  at  an  energy  of  5  keV  and  CsN^  ion 
detection.  The  electrical  properties  of  these  dielec¬ 
tric  films  were  evaluated  by  high-frequency 
(1  MHz)  C-V,  quasi-static  C-V  and  I-V  measure¬ 
ments.  The  reliability  of  the  dielectric  films  was 
evaluated  from  time-dependent  dielectric-break- 
down  (TDDB)  characteristics.  The  TDDB 
measurements  were  performed  at  negative  and  pos¬ 
itive  gate  bias  on  53  capacitors  by  applying  a  con¬ 
stant  current  density  of  7  =  +  200  mA/cm^.  The 
increase  or  decrease  of  the  gate  voltage  observed 
during  the  TDDB  measurements  is  related  to  the 
buildup  of  negative  or  positive  charge  in  the  oxide. 


3.  Results 

The  average  oxide  thickness  obtained  was 
8.0  ±  0.5  nm  for  all  the  various  oxides.  The  homo¬ 
geneity  of  the  oxide  thickness  attained  from  stan¬ 
dard  deviation  calculations  was  best  with  a  value  of 
cr  =  0.1  nm  for  the  02-oxide  and  worst  {a  =  0.6  nm) 


Fig,  1.  Nitrogen  peak  concentration  N  of  the  dielectric  films  as 
a  function  of  the  O2 :  N2O  ratio.  The  oxidation  temperature  was 
1 120X  and  the  total  gas  flow  was  2  slm  (standard  liter/minute). 


for  the  N20-oxide.  The  standard  deviation  values 
of  the  O2  :N20-oxides  were  between  the  above 
values  in  such  a  way  that  the  value  of  the  O2 :  N2O- 
oxide  with  the  highest  02:N20  ratio  was  near  the 
value  of  the  02“Oxide  and  increased  with  increasing 
N2O  content  in  the  oxidizing  atmosphere. 

Fig.  1  shows  the  nitrogen  peak  concentration 
N  of  the  various  oxynitride  films  as  a  function  of 
the  02:N20  ratio  during  oxidation.  The  nitrogen 
concentration  increases  with  increasing  N2O  con¬ 
tent  in  the  oxidizing  atmosphere. 

For  all  oxides  investigated,  the  density  of  inter¬ 
facial  traps  was  as  low  as  Du^l.S  x  10^^ 
cm“^,  while  the  density  of  fixed  interface  charges 
was  lower  than  0.5  x  10^^  cm“^.  Fig.  2  shows  the 
dependence  of  the  charge-to-breakdown  Qbd(63%) 
values  (63%  cumulative  failure)  under  constant 
current  stress  on  the  N2O  content  for  both  gate 
polarities.  The  injection  current  density  was 
j  =  ±  200  mA/cm^.  If  the  N2O  content  in  the 
oxidizing  atmosphere  is  equal  to  or  lower  than 
50%,  then  the  2bd(63%)  values  are  higher  than  the 
values  of  the  O2-  and  N20-oxides  for  substrate  and 
gate  injection.  The  Qbd(63%)  values  for  negative 
gate  polarity  are  about  three  times  lower  than  for 
positive  polarity. 

In  Fig.  3  the  Weibull  plots  of  the  Qbd 
values  of  Fig.  2  are  presented.  A  homogeneous 
Qbd  distribution  (for  positive  and  negative  gate 
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Fig,  2.  Dependence  of  the  Qbd(63%)  values  on  the  N2O  content 
of  the  oxidizing  atmosphere  after  a  constant  current  injection 
with  a  current  density  of  7  =  +  200  mA/cm^  for  both  gate 
polarities. 


Fig.  3.  Weibull  plots  of  charge-to-breakdown  in  MOS  capaci¬ 
tors  (area:  0,02  mm^)  with  different  gate  dielectrics  under  both 
gate  polarities. 


polarity)  across  the  wafer  can  be  seen  only  for  the 
02-oxides  and  the  O2  :N20-oxides  which  were  oxi¬ 
dized  in  an  02:N20  atmosphere  with  an  02:N20 
ratio  higher  than  one.  On  the  other  hand,  the  N2O- 
oxide  exhibits  above  all  a  broad  Qbd  distribution 
for  electron  injection  from  the  gate.  The  Weibull 
plots  for  the  02:N20  ratio  of  1:1  are  similar  to 
those  of  the  O2 :  N2O  ratio  of  3 : 1  and  are  therefore 
not  shown  in  Fig.  3. 


Poly- 

Gate 


Oxide  p-Si 


Gate  Oxide  p-Si 


Fig.  4.  Schematic  energy-band  diagram  with  a  nitrogen-rich 
layer  at  the  Si02/Si  interface  showing  electron  injection  from 
poly  gate  and  Si  substrate. 


4.  Discussion 

It  is  well  known  that  an  optimized  RTF  N2O 
oxidation  process  can  result  in  high  2bd(63%) 
values  [8,9].  This  is  attributed  to  nitrogen  incorpo¬ 
ration  into  the  Si02/Si  interface  which  strengthens 
the  interface  against  hot  carrier  damage.  Our  re¬ 
sults  show,  too,  that  nitrogen  is  incorporated  in  the 
bulk  of  the  dielectric  film  near  the  Si02/Si  interface 
(see  Fig.  4)  after  a  N2O  oxidation  at  high  temper¬ 
atures  (1050°C  <  T  <  IISO^’C).  This  nitrogen-rich 
layer  may  be  responsible  for  the  Qbd  degradation 
under  negative  gate  polarity.  In  this  case,  the  elec¬ 
trons  are  tunneling  from  the  polysilicon  gate  into 
the  conduction  band  of  the  dielectric  film.  Here,  the 
electrons  are  accelerated  on  account  of  the  applied 
electric  field.  From  there,  they  gain  sufficient  energy 
to  generate  traps  in  the  nitrogen-rich  layer  near  the 
anode  by  breaking  Si-N  or  0~N  bonds,  the  bind¬ 
ing  energy  of  which  is  lower  than  the  Si-O  bond 
[10].  Hence,  if  there  is  a  nitrogen-rich  layer  in  the 
dielectric  film  near  the  interface  to  silicon,  more 
traps  than  in  nitrogen-free  oxides  are  generated 
resulting  in  lower  2bd(63%)  values. 

But,  if  the  electrons  are  injected  from  the  Si 
substrate,  they  are  tunneling  through  the  nitrogen- 
rich  interfacial  layer  (Fig.  4)  and  have  not  yet 
gained  sufficient  energy  to  break  N  bonds.  So,  less 
traps  responsible  for  dielectric  breakdown  are  gen¬ 
erated  at  the  anode.  Only  the  beneficial  influence  of 
the  nitrogen  incorporated  in  the  interface  becomes 
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evident.  By  that,  the  broad  Qbd  distribution  of  the 
N20-oxide  for  negative  gate  polarity  can  be  ex¬ 
plained.  Oxidation  processes  in  pure  N2O  atmo¬ 
sphere  show,  preferentially  in  the  center  of  the 
wafer,  a  high  nitrogen  peak  concentration  at  the 
Si02/Si  interface  and  a  low  one  at  the  outer  area  of 
the  wafer.  Consequently,  high  Qrd  values  will  be 
seen,  where  least  nitrogen  is  incorporated  in  the 
bulk  of  the  dielectric  film. 

An  oxynitridation  process,  in  which  the  nitrogen 
incorporation  into  the  dielectric  film  can  be  con¬ 
trolled  and  where  no  nitrogen  is  incorporated  in 
the  bulk  oxide,  e.g.  an  oxidation  in  a  mixture  of 
O2  and  N2O,  shows  more  homogeneous  Quo  distri¬ 
butions  with  higher  2bd(63%)  values  than  a  N2O- 
oxide,  therefore. 


5.  Conclusions 

In  summary,  excellent  control  of  the  nitrogen 
peak  concentration  at  the  Si02/Si  interface  by 
a  rapid  thermal  oxynitride  process  using  mixtures 
of  oxygen  and  nitrous  oxide  was  established.  This 
process  provides  lower  thermal  budget,  better 
Qbd  uniformity,  and  higher  Qbd(63%)  values  than 
a  process  which  uses  RTF  temperature  alone  to 


control  the  nitrogen  concentration.  The  broad 
2bd  distribution  and  the  low  Qbd  values  of  the 
N20-oxides  for  electron  injection  from  the  gate  can 
be  explained  by  a  model  which  includes  a  nitrogen- 
rich  layer  at  the  Si02/Si  interface. 
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Abstract 

Charge  trapping  and  interface  trap  creation  phenomena  observed  in  8  nm  thick  thermally  grown  oxides  and  oxides 
nitrided  by  low  pressure  ammonia  plasma  are  reported.  These  phenomena  are  observed  for  samples  subjected  to  uniform 
high-field  current  injection.  It  is  demonstrated  that  trap  creation  is  limited  to  the  generation  of  interface  states.  No 
electron  trapping  and  no  positive  charge  generation  are  observed  for  injected  fluences  ranging  from  10"^  —  10^  C/cm^  at 
oxide  fields  in  the  range  8-11  MV/cm.  Quite  similar  trap  creation  rates  and  kinetics  are  observed  in  both  samples,  which 
demonstrates  the  good  reliability  performance  of  the  nitrided  oxide.  Results  are  discussed  in  terms  of  impact  ionization 
and  trap  creation  by  hydrogen-related  species  models. 


1.  Introduction 

In  0.5  and  0.35  pm  CMOS  technologies  with 
dual  n"^  and  p^  polycrystalline  silicon  gates,  an 
alternative  gate  insulator  to  silicon  dioxide  (Si02) 
with  a  good  blocking  barrier  against  boron  diffu¬ 
sion  is  obtained  by  nitrided  oxides  (NOX)  and 
reoxidized-nitrided  oxides  (RONOX).  However, 
the  use  of  ammonia  (NH3)  was  recognized  to  in¬ 
crease  the  charge  trapping  in  these  films  due  to  the 
incorporation  of  nitrogen  and  water  [1].  Thus  care 
must  be  taken  in  optimizing  such  technologies  in 


*  Corresponding  author.  Tel:  -f-33  20  30  62  20.  Telefax:  -1-33 
20  54  56  66.  E-mail:  vuillaume@isen.fr. 


order  to  reduce  this  drawback.  A  reoxidation  (O2 
annealing)  of  the  nitrided  oxide  has  shown  promis¬ 
ing  trends  towards  reducing  charge  trapping  and 
interface  defect  creation  [2].  In  this  study,  we  dem¬ 
onstrate  that  lightly  nitrided  oxides  made  by  low 
pressure  plasma  nitridation  in  ammonia  [3]  allow 
us  to  obtain  8  nm  thick  gate  dielectrics  with  relia¬ 
bility  performance  similar  to  pure  thermal  oxides  of 
the  same  thickness.  Damage  created  under  high 
field  injection  (Fowler-Nordheim)  is  limited  to  in¬ 
terface  state  creation.  No  electron  trapping  and  no 
positive  charge  formation  are  observed  for  oxide 
fields  larger  than  8  MV/cm.  This  absence  of  charge 
trapping  is  explained  by  field-enhanced  detrapping 
of  electrons  at  these  large  fields  and  low  probability 
for  hole  creation  (and  then  to  the  formation  of 
trapped  holes)  by  impact  ionization. 
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2.  Experimental  procedure,  sample  description 

The  devices  were  made  with  a  0.35  |im  CMOS 
technology,  with  dual  and  p“^  polycrystalline 
silicon  gate  materials.  Gate  oxides  (8  nm  thick) 
were  made  by  thermal  oxidation  at  925^C  in  dry 
O2,  followed  by  a  postmetallization  annealling  at 
925°C  for  30  min.  Without  nitridation,  these  oxides 
serve  as  reference  samples  (called  OX,  in  the  follow¬ 
ing).  Nitrided  oxides  (called  NOX)  have  been 
fabricated  using  low  pressure  (70  pbar)  plasma  ni¬ 
tridation  in  pure  ammonia  at  950°C  for  40  min  [3]. 
This  procedure  leads  to  a  lightly  nitrided  Si-Si02 
interface  as  revealed  by  Auger  electron  spectro¬ 
scopy  [4].  Trapping  and  trap  creation  phenomena 
were  observed  at  room  temperature  (295  K)  in  p- 
channel  MOSFETs  (channel  length  L  =  1  pm, 
channel  width  VF  =  100  pm)  when  subjected  to  uni¬ 
form  high-field  electron  injection  from  the  substra¬ 
te  (Fowler-Nordheim  injection  at  constant  positive 
gate  voltages).  Average  oxide  fields  were  in  the 
range  8-11  MV/cm  with  typical  injected  current 
densities  in  the  range  10“^-10' A/cm^.  Charge 
trapping  and  interface  state  creation  were  meas¬ 
ured  by  the  charge  pumping  (CP)  technique.  Posit¬ 
ive  charge  trapping  is  detected  by  CP  when 
measuring  the  charge  pumping  current  as  a  func¬ 
tion  of  the  high  level  of  the  gate  voltage  (/^p  -  Fhigh) 
while  the  low  level  gate  voltage  is  kept  constant  [5]. 
Trapping  is  clearly  observed  by  following  the  volt¬ 
age  shift  of  the  peak  of  the  derivative  curve 
d/cp/d  Fhigh  versus  Fhigh-  Negative  charge  trapping 
is  detected  by  measuring  the  charge  pumping  cur¬ 
rent  as  a  function  of  the  low  level  of  the  gate  voltage 
(^cp-k'iow  and  d/cp/dFiow-F,ow)  while  Fhigh  is  kept 
constant  [5].  We  have  also  injected  electrons  at 
lower  oxide  fields  using  localized  hot-carrier  injec¬ 
tion  at  low  negative  Vq  and  high  negative  F^  (in 
this  study,  Vq=  -  1.25  F  and  Fd  =  —  7  F). 
Damage  was  also  measured  by  the  shifts  of  the 
MOSFET  parameters  (threshold  voltage  Vj,  trans¬ 
conductance  and  drain  current  /q). 

3.  Results 

Fowler-Nordheim  (FN)  plots  show  that  both 
OX  and  NOX  have  the  same  potential  barrier 


height  at  the  interface  with  silicon.  During  the 
injections,  the  current  densities  stay  constant  for 
both  samples,  except  at  higher  fields  (11  MV/cm) 
for  which  a  slight  decrease  has  been  observed.  This 
effectively  corresponds  to  slight  electron  trapping 
at  this  field  as  further  revealed  by  CP  analysis.  For 
these  high  field  FN  injections  we  have  observed 
that  the  oxide  field  niust  be  higher  than  a  thre¬ 
shold  oxide  field  of  8-9  MY/cm  to  induce  a  sig¬ 
nificant  degradation  in  both  OX  and  NOX  sam¬ 
ples.  This  value  is  roughly  the  same  for  the  two 
processes. 

Fig.  1  shows  typical  CP  curves  (/cp-and 
d/cp/dFhigh™Vhigh)  recorded  on  NOX  samples  dur¬ 
ing  FN  injection  at  11  MV/cm  and  for  injected 
fluences  from  10~^  to  lOC/cm^.  Interface  state 
creation  is  clearly  shown,  while  no  positive  charge 
is  generated.  This  is  evidenced  by  the  fact  that  the 
peak  in  the  derivative  curve  (d/cp/d  Fhigh)  is  not 
shifted  towards  negative  voltages.  Similar  results 
are  obtained  in  both  OX  and  NOX  samples  for  FN 
oxide  fields  in  the  range  8-11  MV/cm.  Fig.  2  com¬ 
pares  the  interface  state  generation  in  OX  and 
NOX  samples.  The  same  rates  of  trap  creation  are 
observed  in  both  cases.  For  injected  fluences 
Cinj  lower  than  a  critical  amount  of  about 
10"^-10"^  C/cm^,  the  trap  creation  is  very  low 
(less  than  10^^  cm~^  eV“  ^).  To  first  order,  the 


HIGH  LEVEL  GRTE-VOLTHGE  (V) 

Fig.  1  Charge  pumping  measurements  (top:  Icp  versus 
bottom:  d/cp/dK^igh  versus  Fhigh)  for  NOX  samples  stressed  by 
FN  injection  at  10  MV/cm  from  OC/cm"  to  a  fluence  of 
lOC/cm^  using  a  logarithmic  incremental  step.  CP  measure¬ 
ments  at  100  kHz,  =  —  4  V. 
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Fig.  2  Created  interface  states  versus  injected  fluences  for  vari¬ 
ous  oxide  fields.  OX  samples  at  9  MV/cm(n),  10  MV/cm(A) 
and  11  MV/cm(V).  NOX  samples  at  9MV/cm(0),  10  MV/cm 
(  + )  and  11  MV/cm  {*).  Dashed  line  corresponds  to  kinetics 
following  a  power  law  ANit  =  /lQ"nj  with  n^O.25,  and  dot- 
dashed  line  corresponds  to  n  0.77,  The  solid  lines  are  data  from 
Refs.  [7,  9,  11]  :  9.3  nm  thick  oxides  stressed  by  FN  injections  at 
9  MV/cm  (A)  and  11  MV/cm  (•). 


Fig.  3  Charge  pumping  measurements  (top:  Iqp  versus  Ki^w, 
bottom:  d/cp/dFio^.  versus  F,ow)  for  NOX  samples  stressed  by 
localized  hot  electron  injections  (Fd  =  — 7F,  Fg  =  — 1.25  F) 
from  a  stress  time  of  0-4  x  10"^  s,  using  a  logarithmic  incremental 
step.  CP  measurements  at  100  kHz,  Fhjgh  =  4  V. 

dashed  line  in  Fig.  2  shows  that  interface  state 
generation  follows  a  power  law,  ANn  =  z4Q"nj,  with 
n^O.25.  For  injected  fluences  larger  than 
10“^C/cm^,  a  larger  trap  creation  is  observed 
(Fig.  2),  which  always  obeys  a  power  law  with  an 
exponent  n  ^  0.77  (dot-dashed  lines),  before  the 


beginning  of  saturation  for  injected  fluences  larger 
than  1  C/cm^. 

We  have  also  injected  electrons  into  the  oxide  at 
lower  fields  using  localized  hot-carrier  injection  at 
Vd=  —IV  and  Vq=  —  1.25  V.  In  this  case,  the 
oxide  field,  in  the  part  of  the  device  where  injection 
takes  place,  is  about  7  MV/cm,  i.e.  lower  than  the 
threshold  for  FN  degradation.  Under  this  injection 
condition,  electron  trapping  is  observed  in  both 
OX  and  NOX  devices  in  addition  to  interface  state 
creation,  as  revealed  by  the  CP  measurements 
(Fig.  3).  The  increasing  electron  trapping  (as  a  func¬ 
tion  of  the  stress  time)  is  measured  by  the  increasing 
shift  of  the  right  hand  side  peak  in  the  derivative  of 
the  CP  current  d/cp/dFiow-l^iow  towards  positive 
voltages.  Electron  trapping  kinetics  are  similar  for 
both  devices. 


4.  Discussion 

These  results  show  that  the  reliability  of  the 
nitrided  oxides  is  similar  to  that  of  thermal  oxides 
in  terms  of  interface  state  creation  by  FN  injection 
and  in  terms  of  electron  trapping.  This  shows  that 
a  light  nitridation  using  low  pressure  pure  ammo¬ 
nia  plasma  is  not  detrimental  for  the  reliability  of 
the  interface,  while  it  is  efficient  to  act  as  a  good 
barrier  against  boron  diflusion  (p"^  gate)  [6].  Basic 
mechanisms  for  interface  degradation  have  been 
extensively  discussed  in  the  literature  [7,8].  They 
are:  (i)  hole  creation  and  trapping,  and  subsequent 
interface  state  creation,  due  to  impact  ionization 
(II),  and  (ii)  trap  creation  (TC)  by  the  release  of 
hydrogen-related  species  by  hot-electrons  with  en¬ 
ergy  higher  than  2  eV,  their  diffusion  and  accu¬ 
mulation  at  the  interface  where  they  create  defects. 
The  weak  interface  state  creation  and  the  absence 
of  a  positive  charge  formation  (Figs.  1  and  2)  for 
2inj  lower  than  10"^  -  10”^  C/cm^  are  fully  consis¬ 
tent  with  the  low  probability  for  II  to  occur  in  such 
8  nm  thick  insulating  layers  [7,9].  At  higher  injec¬ 
ted  fluences,  trap  creation  by  hydrogen-related  spe¬ 
cies  is  the  dominant  mechanism  in  oxide  films 
thicker  than  about  20  nm  [7-10],  and  it  is  the  main 
mechanism  in  thinner  oxide  [7].  This  mechanism 
explains  the  observed  increase  in  interface  state 
densities  in  our  samples.  For  comparison  purpose, 
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solid  lines  in  Fig.  2  are  the  data  measured  by 
DiMaria  and  co-workers  [7,9, U]  (referred  to  sub¬ 
sequently  as  IBM)  on  9.3  nm  thick  thermal  oxide  at 
9  and  11  MV/cm.  Similar  trap  creation  rates  are 
observed.  In  both  series  of  devices  (OX,  NOX  and 
IBM),  the  creation  rates  typically  range 

between  10"^  and  10"^  created  state  per  injected 
electron.  These  values  are  expected  for  polycrystal¬ 
line  silicon  gate  technologies  with  reduced  hydro¬ 
gen  contamination  in  the  gate  insulators.  The 
absence  of  significant  electron  trapping  after  FN 
stresses  at  high  field  (  >  8  MV/cm),  while  electron 
trapping  has  been  readily  observed  in  the  same  OX 
and  NOX  devices  for  electron  injection  at  lower 
fields,  can  be  accounted  for  by  a  detrapping  of  these 
electrons  at  fields  exceeding  8  MV/cm.  Typical 
evidence  of  this  detrapping  effect  is  shown  in  Fig.  4. 
Before  the  detrapping  experiments,  an  electron  in¬ 
jection  is  performed  at  Fq  =  —  6  V  and 
Vg  =  —  F2  F  for  25  s  in  NOX  devices.  After  the 
injection,  AFj  is  +  6  mV,  indicating  net  electron 
trapping.  Detrapping  is  performed  by  applying 
a  positive  gate  voltage  while  drain,  source  and 
substrate  are  grounded.  With  a  detrapping  oxide 
field  of  4  and  6  MV/cm,  only  a  small  number  of  the 
trapped  electrons  is  detrapped.  After  detrapping  of 
electrons  at  8  MV/cm,  AFj  is  negative  due  to  the 
dominant  effect  of  donor-like  interface  states  alone 
[12].  This  effect  (and  its  threshold  field  at  about 
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Fig.  4  Detrapping  experiments:  threshold  voltage  shift  versus 
detrapping  time  for  various  detrapping  oxide  fields:  +  , 
4  MV/cm:  □,  6  MV/cm;  8  MV/cm.  Lines  are  drawn  as  guides 
for  the  eye. 


8  MV/cm)  is  similar  to  the  experiments  reported  by 
DiMaria  and  Stathis  on  thicker  (52  nm)  NOX  and 
RONOX  films  [13].  A  possible  mechanism  to  explain 
this  discharge  phenomenon  would  be  trap  ionization. 

5.  Conclusions 

This  study  demonstrates  that  8  nm  thick  lightly 
nitrided  oxides  obtained  using  low  pressure  ammo¬ 
nia  plasmas  do  not  show  enhanced  degradation 
under  high  field  Fowler-Nordheim  injection  when 
compared  to  pure  thermal  oxides.  Degradation  is 
limited  to  a  substantial  interface  state  creation  at 
injected  fluences  larger  than  10“^  C/cm^.  No  elec¬ 
tron  trapping,  nor  positive  charge  formation  is 
evidenced  in  these  thin  nitrided  oxides.  These  re¬ 
sults  are  mainly  explained  by  (i)  a  low  probability 
for  impact  ionization  to  occur,  (ii)  a  field-assisted 
detrapping  of  electrons  at  fields  larger  than 
8  MV/cm  and  (iii)  an  interface  state  creation  by 
hydrogen-related  species  diffusion. 

A.B.R.  and  D.V.U.  acknowledge  financial  sup¬ 
port  from  CNET  under  contract  no.  923B043. 
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Abstract 

Nitrided  gate  oxide  layers  have  been  characterized  using  electron  energy  loss  spectroscopy  coupled  with  a  field 
emission  gun  electron  microscope.  It  is  demonstrated  that  quantitative  analysis  of  nitrogen  is  possible  with  a  high 
analytical  spatial  resolution  of  the  order  of  1  nm.  A  profile  of  the  nitrogen  distribution  from  the  Si/(nitrided  oxide) 
interface  to  the  surface  has  been  obtained. 


1.  Introduction 

Characterization  methods  that  address  both 
sequential  materials  processing  and  device  per- 
formance  issues  at  the  nanometer  scale  are  of 
fundamental  interest.  Future  0.35  and  0.25  pm 
metal-oxide-semiconductor  field  effect  transistor 
technologies  require  reductions  of  the  lateral  and 
consequently  the  vertical  dimensions  of  devices.  In 
particular  the  introduction  of  thin  gate  oxides  with 
thicknesses  below  10  nm  has  required  new  develop¬ 
ments  which  necessitates  nitrided  gate  oxides.  Such 
layers  are  very  attractive  because  of  their  excellent 
barrier  properties  to  various  contaminants  and 
dopants  and  for  their  good  resistance  under  electri¬ 
cal  stress.  The  electrical  properties  as  well  as  the 
chemical  structure  vary  strongly  with  the  nitrogen 
distribution  which  depends  upon  the  technological 
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process.  However,  more  fundamental  properties 
such  as  the  interface  states  and  chemical  bonding 
near  the  SiOa/Si  interface  cannot  be  fully  explained 
on  the  basis  of  electrical  measurements  alone.  It  is 
therefore  of  crucial  importance  to  be  able  to  char¬ 
acterize  such  layers,  and  more  particularly  to  quan¬ 
tify  nitrogen  incorporation  with  a  high  spatial 
resolution.  For  this  purpose  we  are  currently  inves¬ 
tigating  the  potential  of  parallel  electron  energy 
loss  spectroscopy  (PEELS),  in  which  one  studies 
the  energy  distribution  of ‘fast’  electrons  after  inter¬ 
action  with  a  sample.  Inelastic  scattering  of  the 
incident  beam  caused  by  the  inner  shell  electrons  of 
atoms  produces  edges  in  the  energy  loss  spectrum 
corresponding  to  the  core  loss  edges,  characteristic 
for  the  material  present  in  the  beam.  It  is  therefore 
possible  to  obtain  detailed  chemical,  structural  and 
electronic  data  from  the  irradiated  volume.  The 
spatial  resolution  of  this  technique  is  directly  linked 
to  the  excitation  volume,  which  is  determined  by 
the  probe  size.  A  field  emission  gun  transmission 
electron  microscope  (FEG-TEM),  besides  being 
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a  high  resolution  tool,  is  capable  of  generating  very 
small  electron  probes  (  <  1  nm)  so  that,  when  equip¬ 
ped  with  a  PEELS  spectrometer,  it  becomes  a  power¬ 
ful  instrument  to  measure  these  atomic  profiles.  Fur¬ 
thermore,  EELS  is  the  only  technique  capable  of 
analyzing  light  elements  at  the  nanometer  level  with 
the  required  speed.  There  have  been  few  reports  on 
nitrided  oxide  characterization  making  use  of  this 
technique  [1].  In  this  paper  the  first  qualitative  results 
obtained  on  a  thin  nitrided  oxide  layer  are  presented. 

2.  Experimental  details 

2.L  Samples 

The  specimen  analysed  for  this  study  was  a  16  nm 
thick  full  wafer  (measured  using  high  resolution  elec¬ 
tron  microscopy)  silicon  dioxide  layer  thermally 
grown  in  dry  O2  at  atmospheric  pressure  and  925°C 
on  a  silicon  (100)  substrate.  The  oxide  was  then 
nitrided  by  rapid  thermal  nitridation  (RTN)  at 
1150°C  for  60s  under  an  atmospheric  pressure  of 
ammonia.  The  sample  was  studied  in  cross-section 
close  to  the  [0  1 1]  zone  axis.  Specimen  preparation 
for  TEM  observation  and  PEELS  analysis  was  as 
follows:  first  the  wafer  was  sliced  into  rectangular 
strips  (2x3  mm^),  then  two  strips  were  bounded 
together  by  their  oxidized  surfaces.  Subsequently, 
the  specimen  was  mechanically  ground  and  finally 
argon  ion  milled.  The  final  thickness  of  the  specimen 
is  typically  ^  30  nm.  A  cross-sectional  high  resolu¬ 
tion  view  is  shown  in  Fig.  1.  As  can  be  observed,  the 
film  is  relatively  regular  and  the  Si/(nitrided  oxide) 
interface  atomically  flat. 

2.2.  Equipment  and  experimental  conditions 

The  first  experiment  was  performed  on  a  Philips 
CM200  SuperTWIN  FEG  microscope  operating  at 
200  kV.  The  measured  probe  size  was  0.7  nm 
FWHM  (full  width  at  half  maximum)  and  1.5  nm 
FWTM  (full  width  at  tenth  maximum)  (measured 
with  a  slow  scan  CCD  camera)  and  the  correspond¬ 
ing  beam  current  and  convergence  half-angle  were 
respectively  90  pA  and  7  mrad.  The  second  profile 
was  acquired  on  a  Philips  CM20  FEG  TWIN  oper¬ 
ated  at  160  kV.  The  estimated  probe  size  was  1  nm 


and  the  beam  current  and  convergence  half-angle 
were  respectively  below  50  pA  and  5  mrad.  Both 
microscopes  were  operated  in  the  nanoprobe  mode 
with  the  extraction  voltage  of  the  Schottky  emitter 
set  at  4.5  kV  and  a  30  pm  condenser  aperture.  The 
parallel  electron  energy  loss  spectrometer  is 
a  Gatan  model  666.  In  order  to  maximize  the  ac¬ 
ceptance  half  angle,  without  compromising  too 
much  the  energy  resolution,  spectrum  acquisition 
was  done  using  the  3  mm  spectrometer  aperture 
combined  with  the  shortest  camera  length.  Under 
these  conditions  the  acceptance  half  angles  were 
15.2  and  10.4  mrad,  respectively,  for  the  CM  200 
and  CM  20.  The  PEELS  energy  resolution,  accord¬ 
ing  to  experimental  conditions,  is  about  1.5  eV 
measured  with  an  energy  dispersion  of  0.5  eV/chan- 
nel.  Quantitative  EELS  nanoanalysis  was  obtained 
with  the  ELP/2.1  Gatan  software.  All  PEELS 
spectra  are  acquired  in  diffraction  mode  and  in 
specimen  areas  thin  enough  so  as  to  meet  the  single 
scattering  criterion  which  stipulates  that  the  first 
plasmon  to  zero  loss  intensity  ratio  must  be  less 
than  0.2  [3].  The  exact  focus  of  the  beam  was 
checked  in  the  shadow  image  of  the  transmitted 
beam.  A  liquid  nitrogen  cooled  specimen  holder 
was  used  to  minimize  specimen  contamination 
build  up  and  local  specimen  heating.  Auger  elec¬ 
tron  profiling  was  performed  on  the  same  sample 
using  a  Riber  MP  2000  microprofiler.  The  experi¬ 
ment  was  carried  out  using  a  3  keV,  5  pA  electron 
beam  and  for  the  sputtering  a  2.5  keV,  10  nA  argon 
ion  beam  was  used. 

3.  Results  and  discussion 

3.7.  Quantitative  analysis 

The  layer  composition  was  determined  quan- 
tatively  using  the  core  loss  edges  of  oxygen  and 
nitrogen.  Fig.  2  shows  typical  spectra  obtained  at 
the  interface  Si/(nitrided  oxide)  and  in  the  middle  of 
the  nitrided  oxide.  The  K-shell  ionization  energies 
of  oxygen  and  nitrogen  are  at  532  eV  and  401  eV, 
respectively.  The  nitrogen  to  oxygen  atomic  con¬ 
centration  ratio  is  given  by 

Nn/No  =  Un  (A,  P)  X  cxq  (d,  p^lo  (d,  P) 

XC7n  (d,  ^)], 
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Fig.  1.  Cross-sectional  high  resolution  electron  microscopy  image  of  the  16  nm  nitride  oxide  film  on  the  Si  (0  1  1)  surface  viewed  along 
the  [Oil]  axis.  As  one  can  see,  the  film  is  relatively  regular  and  the  Si/(nitrided  oxide)  interface  atomically  flat. 


300  400  500  600  700  800 

Energy  Loss  (eV) 

Fig.  2.  Typical  PEELS  spectrum  obtained  (with  the  CM  200)  at 
the  interface  Si/{nitrided  oxide)  and  in  the  middle  of  the  nitrided 
oxide. 


where  I^{A,  P)  is  the  edge  integral  extracted  directly 
from  the  acquired  spectrum  after  removal  of  the 
background  using  the  power  law  fitting.  a^iA,  jS)  is 
the  partial  cross-section,  calculated  analytically 
with  the  Sigma  K  program  [2],  which  is  based  on 
a  hydrogenic  model  and  the  partial  cross-section 
for  the  K  shell,  d,  P  are,  respectively,  the  energy 
window  for  the  integration  and  the  spectrometer 
acceptance  angle.  The  accuracy  of  such  a  deter¬ 
mination  is  a  function  of  many  different  para¬ 
meters.  It  is  important  to  note  that  an  EELS 
quantitation  does  not  yield  a  unique  result,  because 
the  size  of  the  energy  window  A  can  be  chosen 
arbitrarily  during  the  data  reduction  process.  How¬ 
ever,  for  spectra  where  plural  scattering  is  not  se¬ 
vere  (first  plasmon  to  zero  loss  intensity  ratio 
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<  0.2)  and  where  the  energy  window  is  larger  than 
50  eV,  the  final  results  are  independent  of  the 
choice  of  A  within  about  5%  [3].  With  this  proviso 
the  accuracy  of  the  quantitation  is  governed  by 
three  factors:  the  statistical  quality  of  the  spectrum, 
the  accuracy  of  the  cross  section  model,  and  the 
specimen  and  electron-optical  parameters.  In  the 
literature,  the  accuracy  is  estimated  to  be  about 
10%. 

3.2.  Profiles 

The  first  nitrogen  profile  was  generated  by  man¬ 
ually  shifting  the  beam  in  regular  steps  across  the 
oxide  layer.  This  procedure,  although  sufficiently 
accurate  for  this  example,  has  been  replaced  for  he 
second  profile  by  an  automatic  beam  shift  proced¬ 
ure  using  the  microscope’s  remote  control  facility. 
This  will  enhance  both  resolution  and  reproducibil¬ 
ity  of  the  steps  and  will  be  indispensable  for  thinner 
oxides.  The  absolute  distance  scale  of  the  profiles  is 
established  via  the  structural  composition  of  the 
material,  since  oxygen  is  a  perfect  trigger  to  deter¬ 
mine  the  exact  extend  of  the  oxide  layer.  The  two 
PEELS  profiles  yield  similar  quantitative  results 
(Fig.  3)  which  proves  the  reproducibility  of  the 
experiment.  There  are  no  significant  differences  be¬ 
tween  160  and  200  kV,  except  that  at  200  kV  the 
signal  to  noise  ratio  is  improved  and  consequently 
the  sensitivity  and  accuracy  of  the  experiment  [41. 
200  kV  is  also  to  be  preferred  because  the  mean  free 
path  of  the  electrons  is  larger  and  this  will  improve 
the  ‘transparency’  of  the  sample,  reducing  multiple 
scattering.  Finally  the  step  size  of  the  automatic 
beam  shift  procedure  can  be  further  reduced  by 
a  factor  five,  this  will  enable  thinner  gate  oxides  to 
be  analysed  with  a  satisfactory  spatial  resolution. 

3.3.  Auger-PEELS  comparison 

Auger  profiling  was  performed  by  sequential 
sputtering  and  analysis,  process  which  may  be 
troublesome  if  atom  recoil  and  diffusion  occurs. 
Furthermore,  the  Auger  signal  is  a  sum  of  different 
depth  contributions  due  to  the  fact  that  the  escape 
depth  of  the  Auger  electron  is  finite.  This  induces  an 
effective  modification  of  the  concentration  profile. 
Consequently  the  PEELS  results  are  compared 


Fig.  3.  Comparison  between  the  PEELS  profiles  obtained  with 
the  CM  200  and  CM  20  microscopes.  Lines  are  drawn  as  guides 
for  the  eye. 


distance  from  the  surface  [nm] 


Fig.  4.  Comparison  between  PEELS  and  Auger  experimental 
profiles  and  the  corresponding  deconvoliited  Auger  profile. 
Lines  are  drawn  as  guides  for  the  eye. 

with  a  depth  sputtered  Auger  profile  which  has 
been  adjusted  using  a  sequential  sputtering  model 
allowing  a  more  realistic  nitrogen  distribution  to  be 
determined  [5]. 

Comparison  between  the  PEELS  profiles  and 
the  experimental  and  deconvoluted  Auger  profiles 
(Fig.  4)  clearly  shows  that  the  quantitative  results 
near  the  surface  obtained  are  very  similar.  Con¬ 
cerning  the  interface,  experimental  nitrogen  pro¬ 
files  appear  broader  by  both  techniques  than  they 
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actually  are.  The  probe  used  in  the  PEELS  experi¬ 
ment  has  a  finite  size  so  that  averaging  effects  will 
broaden  the  profile  to  some  extent  in  a  similar  way 
one  observes  in  Auger  profile.  In  the  case  of  the 
PEELS,  deconvolution  of  the  probe  size  requires 
further  evaluation.  However  PEELS  yields  a  more 
precise  characterization  of  the  interface  because  it 
does  not  suffer  from  the  of  uncertainties  generated 
by  the  Auger  deconvolution  process.  In  particular, 
the  Auger  electron  escape  depth  is  much  larger 
than  the  PEELS  beam  diameter  so  that  the  pro¬ 
filing  errors  induced  in  Auger  analysis  should  be 
more  significant. 


4.  Conclusion 

This  work  has  demonstrated  that  quantitative 
nitrogen  profiles  can  be  acquired  on  a  16  nm  thick 
RTN  nitrided  oxide  using  EELS.  The  previously 
observed  nitrogen  segregation  at  the  surface  and  at 
the  interface  has  been  confirmed  with  a  spatial 
resolution  in  order  of  1  nm.  Improvement  of  the 
experimental  conditions  such  as  reduction  of  the 
step  size  of  the  automatic  beam  shift  procedure  and 


the  use  of  smaller  probes  (0.6  nm)  will  enable  thin¬ 
ner  gate  oxides  to  be  analyzed  with  an  adequate 
spatial  resolution. 
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Abstract 

In  this  work,  electrical  properties  of  the  Si  -Si02  interface  have  been  investigated  in  terms  of  interface-trap  parameters 
(emission  time,  capture  cross-section,  state  density)  by  standard  and  three-level  charge  pumping  techniques  in  n-channel 
thin-film  (8  nm)  metal-oxide-semiconductor  field-elTecl  transistors.  Some  of  the  devices  have  been  nitrided  in  an  ammonia 
plasma  reactor  and  reoxidized  in  oxygen.  For  nitrided  devices,  a  significant  decrease  of  interface  state  density,  Du,  has 
been  observed  as  compared  with  pure  oxide  devices.  This  reduction  clearly  corresponds  to  both  an  uniform  decrease  of 
Dit  over  the  silicon  band  gap  and  a  decrease  of  a  Di,  peak  in  the  upper  part  of  the  band  gap.  The  evolution  of  capture 
cross-sections  has  been  also  monitored  and  found  to  significantly  vary  for  electron  traps.  This  substantial  change  in 
electron  interface-trap  properties  could  be  at  the  origin  of  the  augmentation  of  the  high  field  transconductance  observed 
for  these  n-channel  devices  after  such  a  nitridation  process. 


1.  Introduction 

Nitridation  of  thermally  grown  Si02  thin  films 
has  been  extensively  investigated  in  recent  years 
and  shown  to  improve  several  critical  properties  of 
the  dielectric  as  compared  to  pure  oxide  [1-6]. 
Many  studies  have  concluded  that  the  incorpora¬ 
tion  of  nitrogen  at  the  Si/Si02  interface  leads  to 
modification  of  the  electronic  properties  of  the 
traps  in  the  oxide  bulk  [7,8]  and  in  the  interfacial 
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region  and  is  responsible  for  variation  of  electron 
and  hole  mobilities  [9,10]  in  the  channel.  In  the 
case  of  a  low  pressure  plasma  nitridation  process  in 
NH3,  a  change  in  has  been  previously  reported 
[11-13]  and  it  has  been  found  that  this  nitridation 
process  induces  an  increase  of  the  electron  mobility 
in  the  case  of  n-channel  devices  without  significant 
attenuation  of  the  hole  mobility  for  p-channel  devi¬ 
ces  [14].  In  this  work,  we  present  a  detailed  com¬ 
parison  of  the  electrical  properties  of  interface  traps 
investigated  by  three-level  charge  pumping  [15] 
and  by  standard  charge  pumping  analysis  [16]  in 
micrometer  n-channel  metal-oxide  semiconductor 
field-effect  transistors  (MOSFETs)  with  pure  and 
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plasma  nitrided  gate  oxides.  High  and  low  field 
transconductances  have  been  also  investigated  and 
found  to  vary  in  excellent  agreement  with  the 
change  in  interface-trap  properties  induced  by  ni- 
tridation. 


2.  Experimental  procedure 

2.7.  Device  fabrication 

The  devices  were  fabricated  at  CNET/CNS 
(Meylan)  using  a  0.35  pm  CMOS  technology  with 
low  pressure  plasma  enhanced  nitridation  in  an 
ammonia  plasma  URANOS  reactor  [17].  The  am¬ 
monia  plasma  (70  pbar  pressure)  is  generated  us¬ 
ing  a  600  W  external  capacitive  coupling  of 
a  13.56  MHz  generator.  Measurements  were  per¬ 
formed  on  n-channel  MOSFETs  with  a  lightly 
doped  drain  (LDD)  and  a  channel  length  of  1  pm. 
The  gate  area  (100  pm^)  was  chosen  to  perform 
both  capacitance  and  charge  pumping  measure¬ 
ments  on  the  same  devices.  Two  categories  of  devi¬ 
ces  were  studied;  category  PO  refers  to  pure 
thermal  gate  oxide  which  was  grown  at  925°C  in 
dry  oxygen  at  atmospheric  pressure.  Category  NO 
refers  to  the  same  oxide  which  was  nitrided  in  the 
ammonia  plasma  for  15  min  at  950°C  and  re¬ 
oxidized  in  oxygen  at  950°C  for  10  min. 

2.2.  Techniques 

In  three-level  charge  pumping  (3CP)  [15,18-21], 
a  three-level  pulse  is  applied  to  the  MOSFET  gate. 
The  intermediate  level  is  used  to  select  interface 
traps  which  are  involved  at  each  charge  pumping 
cycle;  the  charge  pumping  current  is  measured  at 
the  substrate  by  an  electrometer.  By  varying,  re¬ 
spectively,  the  duration  and  the  voltage  F3  of  the 
intermediate  level  (see  the  inset  of  Fig.  3),  it  is  pos¬ 
sible  to  select  independently  an  emission  time  win¬ 
dow  and  an  energy  window  in  the  silicon  band  gap 
for  studying  the  electrical  response  of  the  traps  in 
emission  or  capture  regimes.  The  3CP  instrumenta¬ 
tion  and  the  new  acquisition  procedure  used  in  this 
work  have  been  proposed  recently  and  detailed 
elsewhere  [20,21].  Briefly,  it  is  based  on  the  use  of 
a  high  performance  arbitrary  function  generator 


and  a  Keithley  617  electrometer  driven  by  a 
computer.  The  main  characteristics  of  this  3CP 
station  are:  time  resolution  5  ns;  voltage  step 
12  mV;  current  sensitivity  0.1  f A.  In  order  to 
calculate  the  energy  distribution  of  interface-trap 
parameters  and  because  emission  times  and 
are  sensitive  functions  of  interface-trap  energy  posi¬ 
tion,  one  must  carefully  determine  the  experimental 
relationship  between  the  gate  voltage  Vq  and 
the  surface  potential  A  preliminary 

capacitance-voltage  (C-F)  study  is  then  directly 
made  on  the  MOSFET  under  test.  C-V  data  are 
extracted  from  a  static  charge-voltage  measure¬ 
ment  performed  on  the  gate-substrate  capacitor 
with  the  source  and  the  drain  shorted  to  the  sub¬ 
strate  [22].  Berglund’s  method  is  used  to  evaluate 
the  <Ps(Fg)  relationship  from  the  experimental  C-V 
curve  so  obtained  [23].  A  detailed  description  of 
this  method  and  of  the  measurement  setup  is  made 
in  Ref.  [21]. 


3.  Results  and  discussion 

The  variations  of  the  charge  pumping  current 
/cp  with  the  low  level  Fgi  of  a  square-wave  signal 
applied  to  the  gate  are  shown  in  Fig.  1  for  both 
pure  and  nitrided  oxide.  As  is  well  known  [15],  the 
shape  of  the  maximum  of  the  hpiVgx)  curve  reflects 
the  variation  of  along  the  MOSFET  channel. 
Fig.  1  shows  that  the  maximum  (/^p  plateau)  of  the 
characteristics  is  directly  affected  by  the  nitridation 
which  induces  a  uniform  decrease  of  in  the  case 
of  NO  devices  as  compared  to  PO  devices:  this 
decrease  corresponds  to  a  uniform  reduction  of 
Dit  for  NO  devices.  As  can  be  seen  in  the  figure, 
a  positive  shift  of  the  rising  edge  of  the  curve 
labeled  ‘nitrided  oxide’  is  observed  with  respect  to 
the  curve  ‘pure  oxide’.  This  shift  is  certainly  due  to 
a  creation  of  negative  charge  in  the  oxide  after 
nitridation  and  not  to  the  fact  that  interface  traps 
are  non-uniformally  distributed  along  the  channel 
of  the  devices.  Fig.  2  shows  the  variation  of  the 
recombined  charge  per  cycle  =  /cp//  (/  is  the 
frequency  of  the  gate  signal)  with  the  intermediate 
duration  as  measured  for  various  intermediate 
levels  F3  (NO  devices).  As  shown  in  Fig.  2,  emission 
times  of  the  traps  can  be  extracted  from  Qn(V 2,  t^) 
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Fig.  1.  Charge  pumping  current  I^p  as  a  function  of  the  low  level  Kg,  of  the  gate  pulse  for  devices  with  a  pure  gate  oxide  and  a  nitrided 
gate  oxide. 


Fig.  2.  Recombined  charge  per  cycle  as  a  function  of  gate  pulse  third  level  parameters  and  K3  in  the  electron  emission  regime  for 
NO  devices.  Inset:  Schematic  of  the  gate  voltage  waveform  used  in  the  3CP  experiment. 


data  by  a  graphic  construction  for  each  value  of 
K3  and  also  for  the  corresponding  energy  trap  level 
in  the  silicon  band  gap  [14].  The  energy  depend¬ 
ence  of  electron  and  hole  emission  times  is  dis¬ 
played  in  Fig.  3(a)  for  both  PO  and  NO  devices. 
Note  the  difference  of  slope  between  the  two  distri¬ 
butions  for  electron  traps  in  the  upper  part  of  the 
band  gap:  about  38  for  NO  structures  and 


24  V~  ^  for  PO  structures  (38  V"  ^  for  holes  traps  in 
the  lower  part  of  the  band  gap  for  both  categories 
of  devices).  From  the  Schokley-Read-Hall  (SRH) 
formalism  [23]  used  for  the  calculation  of  the 
capture  cross-sections  a,  a  slope  of  q//c7(38V“^ 
at  T  =  300  K)  corresponds  to  cross-sections 
independent  of  the  trap  level  energy  [15]. 
Fig.  3(b)  shows  that  hole-trap  cross-sections  are 


J.-L.  Autran  et  ai  j  Journal  of  Non-Crystalline  Solids  187  (1995)  374-379 


377 


TRAP  ENERGY  E^  -  E.  (eV) 


cT'  10'^ 

E 

10’^ 

2; 

2  10- 

u 

W  1^-16 

Gp  10 
CO 

o  10-'^ 


u 


10-' 


62 


Cb, 


o  nitrided  oxide 
^  pure  oxide 


-0.4  -0.3  -0.2  -0.1  0  0.1  0.2  0.3  0.4 

TRAP  ENERGY  E^  -  E.  (eV) 


Fig.  3.  Energy  distributions  of  electron  and  hole  emission  times 
(a)  capture  cross-sections  (b)  in  the  silicon  band  gap  for  devices 
with  pure  gate  oxide  and  nitrided  gate  oxide.  (Lines  are  guides  to 
the  eye  only.) 


approximatively  the  same  for  NO  and  PO  devices 
and  vary  weakly  with  energy  (mean  value  about 
8  X  10“^^  cm^).  On  the  other  hand,  <7(E)  distribu¬ 
tions  are  very  different  for  electron  traps:  the  vari¬ 
ation  of  (j  with  E  is  weak  (4  +  2  x  10”  cm^)  for 
PO  samples,  whereas  it  is  large  and  exponential 
(over  two  decades)  for  NO  samples.  By  standard 
charge  pumping  [16],  the  geometric  mean  value  of 
capture  cross-sections  <(7>  extracted  from  Quif) 
characteristics  for  triangular  pulses  is  found  equal 
to  <cr>  =  5x  10“ ^^cm^  for  category  PO  and  to 
<^c7)  =  8  X  10“^^  cm^  for  category  NO.  Note  that 
these  values  are  in  reasonable  agreement  with  3CP 
data.  The  change  in  (7{E)  distributions  may  be  inter¬ 
preted  as  a  modification  of  the  nature  of  electron 
traps  at  the  Si/Si02  interface  induced  by  the  ni- 
tridation  process.  Another  result  in  favour  of  this 
assumption  is  given  by  the  energy  distributions 
Djt(E)  displayed  in  Fig.  4.  These  curves  have  been 
calculated  from  611(^3)  data  for  a  fixed  intermedi¬ 
ate  level  duration  G  =  6  ms,  which  ensures  an  emis¬ 
sion  rate  of  167  s“^  [19].  As  can  be  seen,  there  is 
a  major  difference  in  the  two  profiles  for  NO 
samples  as  compared  to  PO  samples.  Nitridation 
seems  to  induce  an  uniform  decrease  of  Du  but  also 
a  decrease  of  a  peak  located  at  about 
El  +  0.2  eV,  as  shown  by  the  comparison  between 


Fig.  4.  Energy  distributions  of  the  interface  state  density  Du  in  the  silicon  band  gap  for  devices  with  pure  gate  oxide  and  nitrided  gate 
oxide  =  6  ms). 
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Fig.  5.  Variations  of  the  normalized  transconductance  with  the  perpendicular  electric  field  as  obtained  on  pure  oxide  and 

nitrided  oxide  devices  =  50  mV). 


curves  labeled  ‘nitrided  oxide’  and  ‘pure  oxide’. 
Note  also  the  extremely  low  mean  levels  for 
both  categories  of  devices:  about 

3  X  10^^  eV“^  cm~^  for  PO  devices  and 
6  X  10^  eV~  ^  cm“^  for  NO  devices.  The  evolution 
of  Dn{E)  spectra  could  correspond  to  a  change  in 
the  nature  of  interface  electron  traps  in  the  upper 
part  of  the  band  gap.  This  change  may  be  induced 
by  the  diffusion  of  nitrogen  species  at  the  interface 
during  the  nitridation  process  [6,8],  Fig.  5  shows 
the  variation  of  the  normalized  transconductance 
^m/^ox  (measured  at  a  drain  voltage  ==  50  mV) 
with  the  perpendicular  electric  field  £eff  in  the 
channel.  As  shown  in  this  figure,  the  maximum 
transconductance  is  very  comparable  for  both  cat¬ 
egories  of  devices:  the  channel  mobility  at  low  elec¬ 
tric  field  is  preserved  after  nitridation  which  is  in 
favour  of  an  excellent  quality  of  the  interface, 
previously  observed  by  charge  pumping.  For  high 
electric  fields,  an  increase  (about  20%)  of  the  trans¬ 
conductance  and  so  of  the  channel  electron  mobil¬ 
ity  is  clearly  observed  for  NO  structures  as  com¬ 
pared  to  PO  structures.  This  increase  of  mobility 
may  be  related  to  the  decrease  of  in  the  band 
gap,  especially  for  electron  traps.  To  our  knowledge 
in  the  case  of  n-channel  devices,  this  is  the  first  time 


that  an  improvement  in  electron  transport  proper¬ 
ties  has  been  correlated  with  a  reduction  of  the 
electron  interface-trap  density  after  nitridation  [12]. 


4.  Conclusion 

In  summary,  the  effect  of  plasma  nitridation  of 
thin  oxides  on  electrical  properties  of  the  Si/Si02 
interface  has  been  studied  in  the  case  of  n-channel 
MOSFETs  by  standard  and  three-level  charge 
pumping.  Owing  to  the  great  sensitivity  of  these 
techniques  and  to  the  advantage  of  the  3CP 
method  in  addressing  a  large  part  of  the  band  gap 
on  a  single  device,  a  significant  improvement  of  the 
interface  state  density  has  been  found  after  nitrida¬ 
tion  which  is  more  pronounced  for  electron  traps 
than  for  holes  traps.  The  evolution  of  emission  trap 
properties  observed  in  this  case  may  be  interpreted 
as  a  change  in  the  nature  of  interface  defects  in¬ 
duced  by  nitridation.  These  results,  correlated  with 
the  evolution  of  the  transconductance,  show  that 
nitridation  in  an  ammonia  plasma  leads  to  a  de¬ 
crease  of  Djt  in  the  silicon  band  gap,  which  could 
explain  the  increase  of  electron  mobility  in  n-chan¬ 
nel  devices  observed  after  such  treatment. 
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Abstract 

Thin  nitrided  silicon  oxide  layers  with  thicknesses  in  the  3-12  nm  range  were  grown  in  a  rapid  thermal  processor  in 
a  pure  N2O  ambient.  These  layers  were  investigated  by  X-ray  photoelectron  spectroscopy,  spectroscopic  ellipsometry 
and  wet  etching  experiments  and  compared  with  oxides  grown  in  a  O2  ambient.  Information  about  the  distribution  and 
binding  properties  of  nitrogen  in  the  oxide  and  its  interfacial  properties  are  provided.  The  nitrogen  concentration  peaks 
at  the  interface  and  decreases  towards  the  oxide  bulk  to  an  extent  of  approximately  5  nm  for  a  film  thickness  of  9  nm. 
Compared  with  O2  grown  oxides,  the  nitrided  oxides  show  an  enhanced  saturation  of  Si-dangling  bonds  by  nitrogen  and 
a  reduction  of  the  suboxide  regime.  These  facts  may  explain  the  up  to  now  reported  improved  electrical  performance  of 
metal  oxide  semiconductor  devices  using  N2O  grown  oxides  as  the  gate  dielectric. 


1.  Introduction 

Thin  nitrided  silicon  oxide  layers  rapid  thermally 
grown  in  a  N2O  ambient  either  directly  on  silicon 
or  on  a  pregrown  Si02  film  on  silicon  have  attrac¬ 
ted  much  attention  recently.  Their  application  as 
gate  dielectrics  in  the  complementary  metal  oxide 
semiconductor  (CMOS)  technology  promise  a  bet¬ 
ter  performance  of  ultra-large-scale  integrated 
(ULSI)  devices  when  gate  oxide  thicknesses  below 
10  nm  are  required.  Compared  with  conventional 
oxides  the  N2O  grown  dielectrics  profit  from  the 
benefits  of  nitrogen  incorporation  into  Si02  such 
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as  an  increase  of  the  dielectric  strength  and  an 
enhanced  resistance  against  hot  carrier  stress  as 
well  as  impurity  penetration  [1-4]  without  suffer¬ 
ing  from  the  problems  related  to  hydrogen  incorp¬ 
oration  occurring  from  NH3  thermal  nitridation 
[5]. 

Nevertheless,  up  to  now  the  mechanisms  of  ni¬ 
trogen  incorporation  into  N2O  grown  oxides  have 
not  been  completely  understood  and  therefore  also 
the  physical  properties  of  these  dielectrics  have  to 
be  examined.  Of  significant  interest  is  the  structure 
of  the  Si/SiO;tNy  interfacial  region,  which  is  as¬ 
sumed  to  be  particularly  responsible  for  the  result¬ 
ing  electrical  properties  of  MOS  devices.  Most 
work  which  has  been  done  in  this  field  was  focussed 
on  concentration  depth  profiling  of  the  incorpor¬ 
ated  nitrogen  as  obtained  from  secondary  ion 
mass  spectroscopy  (SIMS)  [2,4,6],  Auger  electron 
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spectroscopy  (AES)  [1,7],  elastic  recoil  detection 
(ERD)  [7],  and  X-ray  photoelectron  spectroscopy 
(XPS)  [8].  Results  showed  that  the  nitrogen  is 
mainly  located  at  the  Si/SiO^^Ny  interface  with 
a  concentration  of  a  few  at.%,  which  decreases 
towards  the  oxide  bulk.  The  structural  arrange¬ 
ment  in  the  bulk  of  N2O  grown  and  conventionally 
grown  oxides  was  found  to  be  almost  identical  by 
Fourier  transform  infrared  (FTIR)  spectroscopy 
[9].  Chemical  analysis  of  XPS  [8]  and  FTIR  [9] 
spectra  showed  the  formation  of  SiN  bonds  to  be 
much  more  likely  than  that  of  NO  bonds. 

The  goal  of  this  work  is  the  presentation  of  new 
results  concerning  the  incorporation  of  nitrogen  at 
the  interface  and  in  the  bulk  of  the  oxide.  The 
distribution  of  nitrogen  was  obtained  from  XPS 
and  wet  chemical  etch  rate  measurements.  Results 
from  spectroscopic  ellipsometry  (SE)  in  the  visible 
and  UV  spectral  region  will  be  discussed  with  re¬ 
spect  to  the  extent  and  structure  of  the  interfacial 
transition  region  of  N2O  grown  as  compared  to 
O2  grown  oxides.  For  these  investigations  we  pre¬ 
pared  N2O  oxide  samples  with  a  relative  high 
nitrogen  content  by  directly  oxidizing  silicon  sub¬ 
strates  in  a  pure  N2O  ambient  in  a  RTP  reactor. 
For  comparison,  non-nitrided  oxides  were  grown 
in  a  pure  O2  ambient  in  the  same  reactor. 


2.  Experimental  procedure 

The  RTP  system  (AST  100)  is  equipped  with  21 
tungsten  halogen  lamps  for  both  sides  illumination 
of  single  wafers  with  a  100  mm  diameter  lying  in¬ 
side  a  cold-wall  quartz  reactor.  This  arrangement  is 
surrounded  by  a  highly  reflective  gold-plated  pro¬ 
cess  chamber.  The  temperature  is  monitored  by 
a  pyrometer  with  a  sensitivity  maximum  at  2.7  pm. 
An  additional  silicon  reflection  ring  is  placed 
around  the  wafer  to  enhance  the  temperature  uni¬ 
formity  across  the  wafer.  More  details  of  the  RTP 
equipment  have  been  given  in  Ref.  [9].  The  silicon 
substrates  used  were  n-type,  phosphorous-doped 
with  a  resistivity  of  1-3  Qcm  and  <10  0>  orienta¬ 
tion.  They  were  transferred  from  the  storage  box  to 
the  reactor  without  any  precleaning  procedure  to 
avoid  surface  roughening  which  might  result  from 


native  oxide  etching.  Thin  layers  with  thicknesses 
in  the  2-12  nm  range  were  grown  either  in  a  pure 
N2O  ambient  (RTON)  or,  for  comparison,  in 
a  pure  O2  ambient  (RTO)  at  1150°C.  The  gas  flow 
was  parallel  to  the  wafer  surface  with  a  rate  ad¬ 
justed  to  5  1/min  in  both  cases. 

A  single  wavelength  ellipsometer  (SWE)  equip¬ 
ped  with  a  He-Ne  laser  (632.8  nm)  was  used  to 
determine  the  layer  thicknesses  directly  after 
growth  and  the  wet  chemical  etch  rates  of  RTON 
and  RTO  samples  in  a  highly  diluted  (about  1:100) 
HF:H20  solution.  The  refractive  index  used  was 
fixed  to  a  value  of  1.475  assuming  a  Si02  bulk 
layer,  which  is  thinner  than  20  nm  [10].  In  addi¬ 
tion,  a  spectroscopic  ellipsometer  with  rotating 
analyzer  was  used  in  the  spectral  range  1. 8-5.5  eV. 
In  this  case  the  raw  data  were  converted  into  an 
effective  dielectric  function  <e>  [11,12]  which  de¬ 
scribes  the  effective  response  of  the  oxide  layer  and 
the  silicon  substrate.  For  the  interpretation  of  the 
measured  <£>  modelling  is  necessary.  For  a  single 
layer  on  a  substrate  a  so-called  three-phase 
model  is  appropriate  [12].  In  this  model  the 
three  phases  are  vacuum,  layer  and  substrate,  as¬ 
suming  no  interfacial  layer.  An  effective  dielectric 
function  can  be  calculated  with  the  well-known 
dielectric  function  of  silicon  [11]  and  that  of  the 
layer  as  well  as  the  layer  thickness  as  input.  As 
a  layer  dielectric  function  that  of  Si02  [13]  was 
used  for  the  non-nitrided  as  well  as  the  nitrided 
oxides.  This  serves  as  a  good  approximation  since 
the  nitrogen  content  in  the  RTON  samples  is  small 
(lower  than  5  at.%,  see  below)  and  the  optical  gaps 
of  an  amorphous  SiO^^Ny  compound  are  in  the 
UV  above  5.5  eV.  Deviations  between  the  meas¬ 
ured  and  calculated  effective  dielectric  function 
must  be  correlated  for  the  interfacial  or  layer 
properties  and  can  be  compared  between  RTON 
and  RTO  samples. 

XPS  spectra  were  recorded  using  a  commer¬ 
cially  available  XPS  system  (VG  ESCALAB) 
using  Al  Ka  radiation  (1486.6  eV)  and  a  hemi¬ 
spherical  photoelectron  energy  analyser.  From 
the  Si  2p,  N  Is  and  O  Is  core  level  peaks 
the  binding  energy  and  the  concentration  of 
these  elements  were  derived.  For  concentra¬ 
tion  depth  profiling  argon  ion  sputtering  was 
used. 
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Fig.  1.  XPS  depth  profile  of  an  N2O  oxide  layer  with  10  nm 
thickness  with  the  concentrations  in  at.%  of  silicon,  oxygen,  and 
nitrogen.  The  Si/SiO.^Ny  interface  is  indicated  by  the  dashed  line. 
The  solid  lines  are  drawn  as  guides  for  the  eye. 


3.  Results  and  discussion 

3.1.  XPS  measurements 

A  great  deal  of  spectroscopic  data  for  N2O  ox¬ 
ides  addressing  the  concentration  of  nitrogen  at  the 
interface,  bulk  and  surface  has  been  published. 
However,  recently  a  discrepancy  in  the  atomic  per¬ 
centage  of  interfacial  nitrogen  was  reported  [6]. 
For  the  purposes  of  comparison,  we  would  like  to 
discuss  very  briefly  the  XPS  results  that  we  ob¬ 
tained  on  our  samples.  From  the  depth  profiles  for 
a  RTON  sample  of  10  nm  thickness  a  nitrogen 
concentration  of  about  4  at.%  at  the  interface  was 
determined  with  decreasing  concentration  towards 
the  bulk  of  the  oxide  (Fig.  1).  This  result  corres¬ 
ponds  well  to  that  reported  in  Ref.  [8].  According 
to  the  suggestions  made  therein  for  an  evaluation  of 
the  measured  binding  energies  we  obtained 
295.0  eV  for  the  Si  2p  (oxide)  and  N  Is  peak  separ¬ 
ation  and  429.4  eV  for  the  Si  2p  (oxide)  and  O  Is 
peak  separation  indicating  that  the  nitrogen  is  sol¬ 
ely  bonded  to  silicon  and  not  to  oxygen.  Depth 
profiling  of  the  binding  energies  was  not  performed 
since  argon  ion  sputtering  induces  damage  of  the 
chemical  environment.  The  depth  resolution  of 
XPS  for  concentration  profiling  is  restricted  to 


Fig.  2.  Oxide  thickness  as  a  function  of  etching  time  in  highly- 
diluted  HF.  The  dashed  line  indicates  the  region  where  the 
measurement  is  effected  by  the  growth  of  native  oxide.  The  solid 
lines  are  drawm  as  guides  for  the  eye. 


3-4  nm  due  to  the  escape  depth  of  the  photo¬ 
electrons  and  sidewall  eflects  of  the  sputtered  cra¬ 
ter. 

3.2.  Wet  etch  experiments 

A  more  exact  estimate  of  the  extent  of  the  nitro¬ 
gen  containing  region  is  provided  by  the  measure¬ 
ment  of  the  wet  chemical  etch  rate  of  the  layer.  This 
method  is  based  on  the  fact  that  Si02  can  easily  be 
removed  by  HF  while  the  etch  rate  for  Si3N4  is 
rather  low.  Therefore,  regions  with  a  higher  nitro¬ 
gen  content  etch  slower  in  HF  than  those  with 
a  lower  nitrogen  concentration  [14].  Fig.  2  shows 
the  measured  film  thickness  over  the  etching  time  in 
highly  diluted  HF  for  a  RTON  and,  for  compari¬ 
son,  for  a  RTO  sample  of  nearly  the  same  original 
thickness.  In  contrast  to  the  constant  etch  rate  of 
the  RTO  sample  we  observed  for  the  RTON 
sample  a  more  or  less  continuous  etch  rate  reduc¬ 
tion,  The  onset  of  this  effect  is  observable  roughly 
5  nm  above  the  interface.  Below  this  thickness  a  de¬ 
crease  of  the  slope  of  the  curve  takes  place  indicat¬ 
ing  an  increasing  amount  of  incorporated  nitrogen. 
However,  a  quantification  of  the  nitrogen  content 
from  this  measurement  appears  difficult,  because 
nitrogen-induced  network  relaxation  effects  can 
also  contribute  to  the  etch  rate  reduction.  Never¬ 
theless,  it  becomes  clear  that  this  method  is  very 
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Fig.  3.  Energy  dependence  of  the  effective  dielectric  function 
<a>  for  a  12  and  a  2.7  nm  layer  of  N2O  grown  oxide.  The  dashed 
lines  indicate  the  calculated  spectra. 


effective  to  estimate  the  spatial  extent  of  the  nitro¬ 
gen  containing  region. 

3.3.  SE  measurements 

Finally,  information  about  the  electronic  proper¬ 
ties  of  the  interface  can  be  provided  by  applying 
spectroscopic  ellipsometry  as  a  non-destructive 
method.  In  Fig.  3  the  energy  dependence  of  the 
effective  dielectric  function  <^>  for  a  12  and 
a  2.7  nm  thick  layer  is  displayed.  The  dashed  lines 
represent  the  simulated  spectra.  The  fundamental 
transitions  are  also  indicated.  The  three-phase 
model  fits  very  well  the  experimental  spectra  of 
both  samples,  although  some  deviations  appear, 
which  increase  with  decreasing  layer  thickness. 
This  effect  was  also  reported  for  conventionally 
grown  SiOa  films  [15]  where  the  observed  devi¬ 
ations  were  attributed  to  interfacial  properties, 
which  are  of  course  more  effective  with  decreasing 
layer  thickness.  To  estimate  any  differences  in  this 
regard  between  nitrided  and  non-nitrided  oxides 
a  series  of  both  oxide  types  with  thicknesses  below 
10  nm  was  measured.  For  all  measured  samples 
modelling  was  performed  and  these  data  were 


Fig.  4.  Difference  spectra  of  the  imaginary  part  of  the  effective 
dielectric  function  AIm<£>  as  a  function  of  energy  for  N2O 
grown  oxides  (2.7  nm  solid  line,  3.9  nm  dashed  line)  and 
O2  grown  oxides  (3.2  nm  dotted  dashed  line  and  4.6  nm  dashed 
line). 


subtracted  from  the  experimental  ones.  Fig.  4 
shows  the  difference  in  the  imaginary  part  of  the 
effective  dielectric  function  AIm<6>  as  a  function  of 
energy  for  two  N2O  and  two  O2  grown  oxides.  In 
this  figure  three  distinct  features  are  observable,  at 
the  E2-gap,  at  the  Eq,  Ei-gap,  and  in  the  region 
around  3  eV.  The  two  first-named  features  are  of 
the  same  order  of  magnitude  for  all  samples  and 
can  therefore  not  be  related  to  the  incorporated 
nitrogen  in  the  RTON  samples.  A  deviation  at  the 
E2-gap  can  be  attributed  to  the  surface  roughness 
of  silicon  at  the  interface  to  the  oxide  [16]  and 
a  deviation  at  the  Eq,  Ei-gap  may  be  caused  by 
a  change  of  the  silicon  bulk  properties. 

By  contrast,  the  peak  located  around  3  eV  ob¬ 
served  in  Fig.  4  shows  a  strong  dependence  on  the 
layer  thickness  and  on  the  type  of  growth  process. 
Since  the  only  difference  between  RTON  and  RTO 
samples  is  the  nitrogen  appearance  in  the  former 
this  feature  must  be  effected  by  the  incorporated 
nitrogen.  The  smallest  deviations  at  3  eV  in  Fig.  4 
are  appearing  for  the  nitrided  samples.  Since 
a  good  fit  for  RTON  was  obtained  with  the  proper¬ 
ties  of  Si02  and  no  consideration  of  nitrogen,  it  is 
most  likely  that  no  nitrogen-related  transitions  can 
contribute  significantly  to  the  spectrum.  This  as¬ 
sumption  is  also  supported  by  the  fact  that  the 
optical  gap  of  an  amorphous  Si3N4  layer  is  in  the 
UV  region  above  5.5  eV.  If  there  is  a  deviation  at 
3  eV  occurring,  the  question  for  the  nature  of  these 
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transitions  appears.  It  has  been  reported  [17-19] 
that  the  saturation  of  Si-dangling  bonds  by  arsenic 
and  hydrogen  leads  to  a  bulk  termination  of  silicon. 
This  means  that  the  silicon  states  at  the  surface 
resemble  much  more  those  in  the  silicon  bulk  than 
in  the  case  of  a  clean  surface.  Consequently,  the 
dielectric  function  of  a  clean  surface  differs  from 
that  where  the  dangling  bonds  are  saturated.  We 
are  convinced  that  a  similar  effect  occurs  for  the 
system  under  investigation.  The  nitrogen  at  the 
interface  is  saturating  Si-dangling  bonds  and  leads 
to  a  bulk  termination  of  silicon.  The  remaining 
small  deviations  between  fit  and  experimental  data 
are  due  to  the  remaining  non-saturated  Si-dangling 
bonds.  In  turn,  the  larger  deviations  appearing  for 
the  RTO  samples  are  reflecting  an  increased  num¬ 
ber  of  dangling  bonds. 

If  the  interfacial  region,  which  contains  the 
dangling  bonds,  is  viewed  as  a  transition  region, 
which  contains  also  Si;,0^,.  suboxides,  additional 
arguments  for  the  explanation  above  can  be  pro¬ 
vided.  SiO,  one  species  of  the  possible  Si^^O^.  subox¬ 
ides  has  a  band  gap  around  3  eV,  thus  optical 
transitions  at  this  energy  may  contribute  to  this 
spectrum.  From  the  magnitude  of  deviations  in  the 
spectra,  it  can  be  concluded  that  in  the  case  of 
nitrided  oxides  this  suboxide  containing  interlayer 
is  reduced. 


4.  Conclusion 

From  the  results  reported  we  conclude  that  the 
extent  of  the  interfacial  transition  regime,  which  is 
mainly  caused  by  interface  roughness,  is  very  sim¬ 
ilar  for  N2O  and  O2  grown  oxides.  A  pronounced 
Si-dangling  bond  saturation  by  nitrogen  occurs 
and  the  region  in  which  suboxides  are  formed, 
•  however,  appears  significantly  smaller  for  the  N2O 
oxides.  These  findings  may  contribute  to  the  ex¬ 
planation  of  the  improved  electrical  performance  of 
N2O  oxides  as  compared  to  O2  oxides.  Beyond 
this,  an  effective  method  has  been  presented  to 


locate  the  distribution  of  nitrogen  within  the  oxide 
layer  by  wet  chemical  etching  in  highly  diluted  HF. 
Furthermore,  XPS  data  were  presented  which  cor¬ 
relate  well  with  the  results  reported  earlier  by  other 
research  groups. 

Part  of  this  work  was  funded  by  the  CEC  Esprit 
Basic  Research  action  no,  6878  ‘EASE  and  by  the 
JESSI  BTIB/ESPRIT  7236  project  ‘ADEQUAT. 
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Abstract 

The  nature  and  the  behaviour  of  point  defects  in  amorphous  hydrogenated  silicon  oxynitrides  SiO^N^H^  are  reviewed 
and  compared  to  that  in  plasma-enhanced  chemical  vapour  deposition  silicon  dioxide  and  silicon  nitrides.  These  defects 
are  studied  by  electron  spin  resonance  measurements  after  the  ESR  signal  amplitude  saturation  by  VUV  illumination. 
The  influences  of  the  chemical  composition  (atomic  ratio  0/0  +  N  in  the  SiOj^N^H^)  and  of  the  hydrogen  density  on  the 
type  and  density  of  defects  are  investigated.  This  is  achieved  by  working  on  usual  silicon  oxynitrides  containing  high 
hydrogen  densities  (HHD)  and  on  a  new  family  of  materials,  the  low  hydrogen  densities  (LHD)  silicon  oxynitrides.  Two 
defects  are  found  in  LHD  silicon  oxynitrides,  the  silicon  dangling  bond  (Si^J  ^  type  of  nitrogen  related  defect, 
the  defect.  By  contrast,  three  defects  are  found  in  the  usual  HHD  silicon  oxynitrides,  the  Si^b,  the  nitrogen  dangling 
bond  (Nb)  and  the  defect.  The  defect  is  described  by  an  axially  symmetrical  paramagnetic  centre  with  g|,  =  2.0030, 
gj^  =  2.0017,  Ajgj,  =  18.9  G  and  =  9.7  G.  Compared  to  the  situation  observed  in  the  silicon  nitride  where  the 
nitrogen  defects  are  only  observed  after  rough  treatments,  the  nitrogen  defects  are  easily  detected  in  the  silicon 
oxynitrides. 


1.  Introduction 

Amorphous  silicon  nitrides,  silicon  oxides  and 
silicon  oxynitrides  films,  prepared  by  plasma  de¬ 
position,  have  a  large  variety  of  applications  in  very 
large  scale  integrated  (VLSI)  technology,  especially 
in  those  cases  where  a  low  process  temperature  is 
a  prerequisite. 
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We  prepared  and  undertook  a  detailed  investiga¬ 
tion  of  a  limited  number  of  silicon  oxynitrides  with 
various  ratios  of  oxygen  atomic  density  on  the  sum 
of  oxygen  and  nitrogen  atomic  densities  [O/ 
(O  +  N)].  The  usual  silicon  oxynitrides 
containing  high  hydrogen  densities  (HHD  films) 
were  first  studied  [1,2]  and,  in  order  to  evaluate  the 
effect  of  the  hydrogen  content,  a  new  family  of 
SiO^N^H^  containing  low  hydrogen  densities 
(LHD  films)  [3]  was  prepared.  The  ellipsometry, 
the  high  energy  ion  beam  methods  and  the  infrared 
absorption  spectrometry  provided  a  macroscopic 
description  of  the  layers  such  as  the  composition, 
the  thickness  and  the  type  of  hydrogen  bonds  in  the 
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layer  [1-5].  The  optical  gap  variation  with  the 
composition  were  found  from  5.6  eV  to  8.9  eV  for 
0/(0  +  N)  increasing  from  0.04  to  0.95  [6,7]. 

For  the  amorphous  silicon  dioxide,  it  has  been 
established  since  1964  that  the  radiation  damage  of 
metal-thermal  Si02-semiconductor  devices  in¬ 
volves  two  major  aspects:  the  creation  of  interface 
states  at  the  Si-Si02  interface  and  the  capture 
of  holes  in  deep  traps  near  Si-Si02  interface. 
Moreover,  it  was  shown,  through  a  sequence  of 
ultraviolet  illuminations,  electron  spin  resonance 
measurements  and  capacitance  versus  voltage 
measurements  in  metal-thermal  Si02-semiconduc- 
tor,  that  the  E’center  was  a  deep  hole  trap,  posit¬ 
ively  charged  and  working  as  a  reversible  defect 
[8].  By  contrast,  the  neutral  E'  center,  unpaired 
electron  on  the  silicon  back-bonded  to  three  oxy¬ 
gen,  was  observed  in  plasma-enhanced  chemical 
vapour  deposition  (PECVD)  Si02  [9]. 

For  the  amorphous  silicon  nitride  Si3N4:  H,  the 
direct  experimental  evidence  of  linkage  between 
a  specific  structural  defect  and  a  deep  trapping 
center  was  brought  by  the  observation  of  a  strong 
correlation  between  changes  in  the  density  of  the 
paramagnetic  silicon  dangling  bond  centers  and 
changes  in  the  space  charge  density  of  films  sub¬ 
jected  alternatively  to  illumination  and  both  posit¬ 
ive  and  negative  charge  injection  [10,1 1].  An  excel¬ 
lent  review  for  the  paramagnetic  point  defects  in 
amorphous  silicon  dioxide  and  amorphous  silicon 
nitride  thin  films  was  published  in  1992  [12].  Re¬ 
lying  on  these  results,  it  is  likely  that  the  point 
defects  studies,  which  can  be  performed  by  electron 
spin  resonance  (ESR)  techniques,  are  the  key  for  the 
understanding  of  the  electrical  properties  of  the 
amorphous  insulating  silicon  oxynitrides  with 
a  band  gap  between  that  of  silicon  nitride  and 
oxide. 

For  the  defect  studies,  the  ESR  signal  of  the 
as-deposited  layers  were,  as  a  preliminary,  meas¬ 
ured  (DESR  signal).  Thereafter,  the  thin  films  were 
illuminated  by  photons  with  energy  higher  than  the 
band  gap  of  the  silicon  oxynitride  and  the  ESR 
signal,  photo-enhanced  and  saturated  in  time,  was 
then  recorded  (LESR  signal).  The  present  study 
only  reports  the  LESR  results  of  the  LHD  and 
HHD  silicon  oxynitrides.  The  absorption  deriva¬ 
tive  LESR  signal  is  calculated  involving  isotropic 


and  axially  symmetric  dangling  bonds,  the  latter 
with  a  nuclear  spin  of  1  for  the  atom.  The  fit 
with  the  experimental  signals  can  be  obtained  with 
a  ESR  derivative  signal  computation  involving 
only  two  point  defects  for  the  new  LHD  SiO;,N^,H. 
and  three  point  defects  for  the  usual  HHD 
SiO.,N,H,. 

2.  Experimental  procedure 

The  layers  were  grown  into  a  plasma  process  and 
using  respectively  SiH4,  N2O,  NH3  for  the  usual 
silicon  oxynitrides  HHD  SiO,^N^.H.  [1]  and  SiH4, 
N2O,  N2  and  He  for  the  new  LHD  SiO.,N,,H,  [3]. 
The  samples  were  deposited  on  very  pure 
15  X  4  X  0.5  mm  fused  silica  (tetrasil  with  1000  ppm 
OH)  and  on  single  intrinsic  c-Si  crystal,  at  SSO'^C,  in 
a  PECVD  process.  The  gas  pressure  was  fixed  at 
1  Torr,  the  plasma  rf  was  25  kHz  and  the  supplied 
power  amounted  to  0.095  W/cm^. 

With  gas  volume  ratios  (N2O  -h  NH3)/SiH4  fixed 
at  50  and  N20/(NH3  -t~  N2O)  varied  between  0  to 
1,  the  first  set  of  HHD  SiO^N^,H3  was  obtained  with 
the  0/(0  -h  N)  composition  from  0.04  to  0.95.  With 
gas  volume  ratios  (N2O  +  N2)/SiH4  fixed  at  24.2, 
the  helium  dilution  (He)/SiH4  fixed  at  50  and 
N20/(N2  +  N2O)  varied  between  0  to  1,  the  second 
set  of  LHD  SiO.^.Nj.H,  was  deposited  with  the 
0/(0  +  N)  composition  from  0.04  to  0.85. 

The  elemental  composition  of  the  HHD  layers 
was  determined  using  the  high  energy  ion  beam 
techniques  Rutherford  backscattering  spectro¬ 
metry  (RBS)  and  elastic  recoil  detection  (ERD) 
[4,5].  This  procedure  resulted  in  the  contents  of  all 
relevant  elements  Si,  O,  N  and  H  atoms  per  cm^  in 
the  oxynitride  films.  The  infrared  transmission 
spectroscopy  measurements  were  performed  on 
samples  deposited  on  doubly  polished  intrinsic 
c-silicon.  These  results  were  used  to  obtain  the 
experimental  curve  of  the  maximum  peak  position 
of  the  main  Si-O-Si-N  collective  mode  located 
between  850  and  1060  cm"  ^  versus  the  0/(0  -f  N) 
composition  [1].  This  curve  was  afterwards  used  to 
obtain  the  0/(0  +  N)  ratio  from  the  peak  position 
for  the  LHD  silicon  oxynitrides  [3]. 

The  spectra  were  analyzed  in  the  region  of  the 
absorption  features,  and  subsequent  numerical 
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Fig.  1.  Bond  densities  measured  from  infrared  transmission 
spectroscopy  versus  the  0/(0  +  N)  composition  in  the  silicon 
oxynitrides  with  high  (HHD)  and  low  (LHD)  hydrogen  densit¬ 
ies.  A,  ■,  N-H  and  S-H,  respectively;  for  HHD;  A,  □,  N-H  and 
Si-H,  respectively,  for  LHD. 


The  X  band  signals  were  accumulated  at  40  or 
20  K,  with  a  magnetic  field  modulation  of  100  kHz 
and  of  0.3-3  Gauss  amplitude,  at  microwave  powers 
from  10  pW  to  10  mW.  The  saturation  properties 
with  the  microwave  power  of  the  different  ESR  lines 
detected  in  the  signal  were  studied  and  correction 
factors  were  used  to  calculate  the  spin  densities.  The 
absolute  defect  concentrations  were  calculated  using 
double  integration  of  the  derivative  absorption  sig¬ 
nals  and  comparison  with  a  calibrated  low  pitch 
standard. 

The  K  band  measurements  were  carried  out  at  4.3 
K,  with  a  magnetic  field  modulation  of  86  kHz  and 
of  0.4  Gauss  amplitude,  at  microwave  powers  from 
1  nW  to  1  pW. 


integration  of  the  peaks  of  N-H,  Si-H  and  O-H 
stretching  mode  located  respectively  around  3300, 
2200  and  3660  cm“^  was  performed.  From  the 
spectra,  the  bond  density  per  cm^  was  calculated 
using  the  relation  (X-H)  =  ^xh^xh.  where  Axu  and 
IxH  are  respectively  the  calibration  factor  (cm“^) 
and  the  total  integrated  and  normalized  area 
(cm^^)  of  the  X-H  absorption  band.  The  calib¬ 
ration  factors  of  N-H  and  Si-H  found  in  previous 
works  where  fixed  respectively  at  2  x  10^®  and 
8x  lO^^cm"^  [1]. 

The  ESR  experiments  were  performed  at 
LEPES-Grenoble  with  a  Bruker  ESP300  X  band 
spectrometer  (9.4  GHz)  and  at  Department 
Natuurkunde  -  Leuven  with  a  home-made  K  band 
(20.4  GHz)  spectrometer. 

The  layer  was  illuminated  for  8  h,  at  room  temper¬ 
ature  and  under  vacuum,  with  a  150  W  deuterium 
lamp  emitting  a  large  photon  spectrum  between 
2  and  10.5  eV  with  an  intense  peak  at  10.2  eV.  It  is 
known  that  the  ESR  signal  of  the  usual  HHD  silicon 
nitride  [13,14]  or  oxynitrides  [15]  is  increased  and 
finally  saturated  after  an  illumination  by  photons 
with  energy  of  the  order  of  the  band  gap.  The  LESR 
saturated  signal  can  be  subsequently  lowered  by 
a  light-induced  annealing  (photobleaching  with  sub¬ 
band  gap  photons)  [16]  or  by  an  appropriate  ther¬ 
mal  annealing  [17],  but  at  room  temperature  it 
takes  one  month  or  more  for  the  LESR  saturated 
signal  to  fall  down  to  its  initial  low  DESR  level. 


3.  Results 

The  (N-H)  and  (Si-H)  bond  densities  variations 
versus  the  0/(0  +  N)  composition  for  the  silicon 
oxynitrides  are  indicated  in  Fig.  1.  For  the  LHD  set 
compared  with  the  HHD  silicon  oxynitrides,  we 
observe: 

(i)  a  strong  lowering  of  (N-H)  for  0/(0  -h  N) 
ratios  between  0  and  0.6; 

(ii)  a  much  more  limited  decrease  for  0/(0  +  N) 
>0.6; 

(iii)  a  little  increase  of  (Si-H)  for  all  the  composi¬ 
tions. 

The  ratio  of  hydrogen  atomic  density  over  the 
Si  -h  O  +  N  H-  H  total  atomic  number/cm^  is  about 
25%  in  the  nitrogen  rich  silicon  oxynitrides 
(0/(0  -j-  N)  <  0.5)  HHD  layers  grown  with  NH3;  it 
is  lowered  below  10%  in  the  nitrogen  rich  silicon 
oxynitrides  LHD  layers  grown  with  N2  and  He.  For 
the  oxygen-rich  silicon  oxynitrides  (0/(0  +  N) 
>  0.5),  the  H  density  lowering  between  the  two  sets 
is  limited.  We  must  notice  that  the  commonly  men¬ 
tioned  silicon  oxynitride  in  the  literature  are  the 
HHD  layers  and  that  this  paper  presents  the  first 
systematic  study  for  silicon  oxynitrides  with  a  low 
amount  of  hydrogen. 

The  LESR  saturated  signals  of  the  LHD  and 
HHD  films  are  presented  in  Fig.  2.  It  appears  very 
clearly  that,  for  each  LHD  or  HHD  set,  the  signal  is 
relatively  simple  for  0/(0  -h  N)  below  0.3  and  that  it 
becomes  more  complex  for  an  increasing  oxygen 


Fig.  2.  The  saturated  X  band  LESR  signal  measured  at  40K  after  VU  V  illumination  of  the  silicon  oxynitrides  with  low  (a)  and  high  (b) 
hydrogen  density  deposited  on  very  pure  silica.  Experiments  are  performed  with  a  Brucker  ESR  300  Spectrometer. 


content  in  the  film.  It  can  also  be  noticed  that  with 
an  equivalent  0/(0  +  N)  ratio,  the  LESR  signal  is 
more  complex  in  the  LHD  than  in  the  HHD  mater¬ 
ials. 

Typical  saturated  X  (20  K)  and  K  band  (4.3  K) 
LESR  spectra,  observed  on  a  SiO;,.N^H2  LHD  films 
with  0/(0  -f  N)  =  0.85  deposited  on  c-Si  and  tet- 
rasil,  respectively,  are  shown  in  Fig.  3.  The  super¬ 
posed  spectra  are  normalized  by  shifting  the  K  band 
spectrum  and  the  central-line  zero  crossing  field 
corresponds  to  (7  =  2.0010  +  0.0002.  The  spectra 
are  quite  similar,  both  showing  one  intense  central 
line  at  ^  =  2.0010  amid  two  smaller  satellites  of  near¬ 
ly  the  same  intensity  separated  by  24.5  G,  and  with 
small  structures,  respectively  A,  B  and  C.  The  spec¬ 
tral  X  band  features  B  and  C,  with  75.6  G  separ¬ 
ation,  are  better  resolved  on  Fig.  4  for  the  same  layer 
grown  on  tetrasil  while  the  line  C  is  not  observable 
in  K  band  (Fig.  3). 


4.  Computer  simulation 

Most  of  the  defects  found  in  the  silicon  alloys  are 
dangling  bonds,  amphoteric  in  nature,  with  three 
available  charge  states  for  each  structural  point 
defect,  neutral  and  paramagnetic  with  one  electron 
on  the  orbital,  positively/negatively  charged  and  dia¬ 
magnetic  for  zero/two  electrons  with  antiparallel 
spins  on  the  orbital.  The  electron  spin  resonance 
measurements  only  detects  to  the  paramagnetic 
states.  The  ESR  experiments  measure  the  absorp¬ 
tion  of  microwave  power  at  a  fixed  frequency  v  as 
a  function  of  an  applied  magnetic  field,  H.  The  ESR 
spectrum  may  be  approached  in  terms  of  a  spin 
Hamiltonian  [18]: 

j^  =  pHgS-hlIS,  (1) 

where  the  first  term  is  the  electronic  Zeeman  inter¬ 
action  (^  is  the  Bohr  magneton)  and  the  second 
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Fig.  3.  X  and  K  band  LESR  saturated  signal  of  LHD  with 
0/(0  +  N)  =  0.85.  Bottom;  X  band  (20  K)  of  sample  deposited  on 
c-Si.  Top:  K  band  (4,3  K)  of  the  same  layer  deposited  on  tetrasil. 
The  K  band  line  is  shifted  in  order  to  superpose  the  central  line 
zero  crossing  corresponding  to  ^  =  2.0010  ±  0,0002. 


represents  the  hyperfine  interaction  between  the 
electron  of  spin  S  and  the  nucleus  of  spin  /.  In  the 
silicon-based  amorphous  insulators  where  5^  =  1/2  is 
the  general  case,  the  quadratic  order  in  S  is  neglect¬ 
ed.  g  and  A  are  the  coupling  dyadics  for  the  Zeeman 
and  hyperfine  terms  respectively  and  are  assumed  to 
be  independently  diagonalizable  with  a  negligible 
error.  In  the  silicon  oxynitrides,  among  the  nuclei 
with  /  =  1,  only  (99.6%  abundant)  is  a  reason¬ 
able  candidate  compared  with  (only  0.01  abun¬ 
dant).  The  orbitals  in  amorphous  materials,  thought 
to  be  isolated  and  randomly  oriented,  are  conve¬ 
niently  described  with  an  axial  symmetry.  We  shall 
assume  that  the  nitrogen  defect  center  shows  this 
axial  symmetry.  Then,  in  this  case  and  with  collinear 
principal  axes  forg  and  ^4"  matrices,  we  can  write,  in 
first  order  perturbation  theory,  the  resonance  rela¬ 
tionship 


Fig.  4.  The  computed  X  band  ESR  derivative  signal  ( - )  com¬ 

pared  with  the  LESR  saturated  X  band  signal  of  LHD  with 
0/(0  -I-  N)  =  0.85  deposited  on  tetrasil  and  measured  at  20  K 

( - ).  A  good  fitting  is  obtained  by  the  sum  of  a  silicon  dangling 

bond  with  simple  isotropic  ESR  signature  {g  =  2.0047  and 
A//pp=19.7  G)  and  of  a  new  nitrogen-related  defect,  the 
Nx  center  characterised  by  hyperfine  values 
011  =  2.0030,  2.0017, =  8.2  G,AJgJ  =  92  G  and 

a  broadening  factor  /^  =  3.5  G, 

where 

g  =  (gjcos^  0  +  gi  sin^  6)  (3) 

K  =  Olg)  {Afgj  cos^  9  +  Algl  sin^  9)  (4) 

where  hv  is  the  applied  microwave  photon  energy, 
mi  is  the  nuclear  spin  magnetic  quantum  number, 
6  is  the  angle  between  the  magnetic  field  direction 
and  the  symmetry  axis,  and  A\\  and  Aj_  are  the 
principal  values  of  the  and  dyadics,  respectively. 
For  a  nuclear  spin  /  =  1,  the  hyperfine  splitting  leads 
to  hyperfine  spectral  lines  corresponding  to 
mi  values  —  1,  0,  -I-  1. 

In  powdered  and  amorphous  materials,  aver¬ 
aging  of  the  resonance  condition  over  all  angles 
results  in  a  mathematically  absorption  envelope 
called  a  ‘powder  pattern’.  The  principal  compo¬ 
nents  of  the  g  and  A  tensors  can  be  roughly 
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estimated  from  the  experimental  powder  spectrum 
and  these  initial  estimates  can  be  used  for  spectrum 
simulation.  The  best  fit  is  then  researched  between 
the  experimental  curve,  first  derivative  of  microwave 
absorption  versus  magnetic  field  on  one  side  and  the 
calculation  of  the  theoretical  powder  pattern  from 
the  resonance  condition,  convoluted  with  Loren- 
tzien  and/or  Gaussian  broadening  functions  (called 
the  broadening  factor  Z^)  and  dififerentiated  with  re¬ 
spect  to  magnetic  field  on  the  other  side.  This  results 
in  a  measurement  of  the  principal  axis  components 
g.,g^,  A,  and  ofg  and^  as  well  as  a  determina¬ 
tion  of  the  spin  /  of  the  nucleus  of  the  hyperhne 
interaction.  On  this  basis,  the  magnetic  nucleus  can 
usually  be  identified  and  the  degree  to  which  the 
orbital  i/Vq  of  the  unpaired  spin  occupies  atomic 
orbitals  of  this  nucleus  can  be  estimated  from  the 
magnitude  of  the  ^-tensor  components.  With 
a  ground  state  wave  function 

ij/o  =  ot\2s  >  +  oc\2p  >  +  >  (5) 

i 

where  \2s  >  and  \2p  >  are  orbitals  centered  on  the 
magnetic  nitrogen  nucleus  and  \ki  >  are  the  remain¬ 
ing  orbitals  in  which  the  unpaired  spin  can  be  found. 
Then 

=  ^  =  +  2/1 J,  (6) 

^2s 

^  _  2AJ  (7) 


and 

(7-  -h  If  +  Y^Sf  =1,  (8) 

/ 

where  are  the  isotropic  (2s  type)  and  an¬ 

isotropic  (2p  type)  hyperfine  tensor  components,  re¬ 
spectively,  for  the  atom  and  A2S  and  A2p  are  the 
2s-state  and  2p-state  coupling  constants,  respective¬ 
ly,  for  the  free  atom  [19].  f  and  If  give  the  localiza¬ 
tion  percentage  on  2s  and  2p  orbitals  and  are  of 
fundamental  interest  to  characterise  the  point  defect. 

5.  Discussion 

5.1.  The  LESR  spectnim  of  LHD  silicon  oxynitrides 
near  silicon  nitride 

Fig.  2(a)  (0/(0  +  N)  —  0.04),  shows  the  ESR  spec¬ 
trum  observed  after  VUV  soaking  in  as-deposited 
silicon  oxynitride  with  a  composition  very  close  to 
that  of  silicon  nitride.  It  presents  a  very  simple  line 
with  g  =  2.0030  and  a  line  width  (widening  factor,  /e) 
of  13  G.  In  N-rich  PECVD  silicon  nitrides  films  with 
high  hydrogen  density,  the  K  center  is  photo-en¬ 
hanced  by  UV  light  [11,20,21].  The  K  center  is  an 
unpaired  electron  on  a  silicon  bonded  to  three  nitro¬ 
gen  atoms  in  configuration  °SiN3.  The  ESR  signature 
corresponds  to  a  ^  tensor  with  a  small  anisotropy, 
with  a  central  line  zero  crossing  at  g  ^  2.0030  and 
a  line  width  of  13  G  (Table  1).  Our  LESR  signal  is 


Table  1 

The  cj  values  and  line  widths  of  the  silicon  dangling  bond  used  for  computation  of  the  experimental  spectra  of  the  LHD  silicon 
oxynitrides.  The  center  ESR  components  for  the  fitting  are  ^  2.0030  ±  0.0005,  =  2.0017  ±  0.0007,  .4 =  38.2  ±  0.2 

G,  AJg^  p  =  9.2  ±  0.02  G  and  a  broadening  factor  ==  3.5  ±  0.3  G 


0/(0  +  N) 
composition 

S'db 

g  value 

(G) 

linewidth 

LESR 

zero 

crossing 

(cm 

LESR 

0.04 

2.0030 

13 

1.0 

0.35 

2.0033 

15.5 

2.2 

2.0011 

8.9  X  10'^ 

0.55 

2.0033 

17.5 

7.2 

2.0012 

1.8  X  10” 

0.70 

2.0042 

18.5 

4.1 

2.0013 

5.7  X  10” 

0.85 

2.0044 

20 

2.7 

2.0013 

8.7  X  10” 

The  table  indicates  the  computed  central  line  zero  crossing  of  the  center.  The  densities  of  the  two  defects  are  calculated  using  double 
integration  of  the  separated  computed  signals  and  by  comparison  with  a  calibrated  weak  pitch  standard  measured  in  the  same 
experimental  conditions. 
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obviously  the  K  center.  It  is  an  indication  that  the 
point  defect  in  LHD  silicon  nitrides  are  the  same  as 
that  in  HHD  silicon  nitrides. 

5.2.  The  LESR  spectrum  of  LHD  silicon  oxynitrides 
with  OHO  +N)>  0,2 

In  Fig.  2(a),  it  is  obvious  that  the  LESR  spectra  of 
the  layers  with  0/(0  -h  N)  above  0.4  become  more 
complex  and  that  they  cannot  be  computed  with 
only  an  Si^b  isotropic  center.  The  sample  with 
0/(0  +  N)  =  0.85  in  Fig.  2(a)  shows  clearly  a  spec¬ 
trum  with  six  features,  a  central  line  with  g  zero 
crossing  at  2.0012  with  two  pairs  of  satellites  of  24.5 
and  75.6  G  separations  and  a  small  feature  at 
g  =  2.0032.  We  notice  that  it  is  quite  different  from 
the  spectrum  of  Fig.  2(c)  reported  in  HHD  oxygen- 
rich  PECVD  silicon  oxynitride  with  equivalent 
composition  and  attributed  to  an  over-coordinated 
nitrogen,  ONC  [15].  The  ONC  is  a  four  coor¬ 
dinated  nitrogen  with,  at  1 10  K,  a  central  line  zero 
crossing  g  =  2.0036  and  a  pair  with  36  G  separ¬ 
ation.  Its  ESR  characteristics  are  =  2.0043, 
gx_  =  2.0023,  Aiso  =  18.6  G,  and  ^aniso  =  2.8  G,  which 
means  that  the  nitrogen  portion  of  the  unpaired 
electron  at  the  nitrogen  center  is  only  20%  localiz¬ 
ed  [22].  We  must  also  mention  that,  in  N-rich 
PECVD  HHD  silicon  nitrides,  the  nitrogen  bridg¬ 
ing  Nb  center  was  created  by  UV  soaking  after  high 
emperature  annealing  [11,20,21].  The  Nb  center  is 
an  unpaired  electron  on  an  under-coordinated  ni¬ 
trogen  bridging  atom  bonded  with  two  silicon 
atoms  in  configuration  °NSi2.  Its  ESR  components 
are  =  2.0035,  g^  =  2.0078,  =  11  G,  and 

^aniso  =12.5  G  which  indicate  that  the  unpaired 
spin  is  strongly  localized  (74%)  on  the  2p-orbital  of 
the  nitrogen  atom  [20].  These  values  were  con¬ 
firmed  by  the  computation  of  X  band  spectra  of 
HHD  silicon  nitrides  films  prepared  at  a  high  de¬ 
position  rate  with  and  isotopes,  annealed 
at  600°C  and  submitted  to  UV  light  [23,24]. 

A  computer  simulation  based  respectively  on 
a  sum  of  an  Sijb  center  with  the  ONC  or  on  a  sum 
of  an  Sidb  center  with  the  Nb  center  using  the 
hyperfine  components  mentioned  above  failed  to 
reproduce  the  six  feature  spectrum  of  the  0.85 
sample  in  Fig.  2(a).  This  spectrum  was  also  very 
different  from  the  N-pair  center  identified  recently 


in  as-deposited  HHD  silicon  nitride  prepared  at 
a  high  deposition  rate  [24].  The  N-pair  defect,  in 
Si-°N-N-Si2  configuration,  presents  a  microscopic 
structure  similar  to  that  of  the  peroxy  radical  defect 
"’O-O-Si  [25].  It  is  described  as  a  pure  p-type  un¬ 
paired  spin  strongly  localized  on  two  inequivalent 
nitrogen  atoms  bonded  to  each  other.  It  shows 
a  very  complex  ESR  spectrum  with  eight  features, 
among  which  two  pairs  with  92  G  and  42  G  separ¬ 
ations  are  well  marked.  It  was  correctly  computed 
involving  only  one  center  with  =  2.0038, 
g^  =  2.0055  and  two  inequivalent  (1)  and  (2)  nitro¬ 
gen  atoms  with  hyperfine  tensor  parameters, 
respectively  Xiso(l)  =  10.20  G,  and  v4aniso(l)  =  10.10  G 
and  Aa2)  =  5.29  G,  =  5.27  G. 

Eventually,  our  LHD  oxygen-rich  silicon  oxy¬ 
nitrides,  which  are  new  materials  with  a  low  hydro¬ 
gen  content  are  likely  to  involve  a  new  type  of  point 
defect. 

It  is  clear  from  relation  (2)  that  the  Zeeman  term 
is  a  function  of  the  micro  wave  frequency,  while  the 
hyperfine  splitting  is  not.  The  lineshape  of  the 
spectra  in  X-band  and  K  band  frequencies  of  Fig. 
3  are  quite  similar;  the  little  changes  detected  come 
probably  from  a  small  ^-tensor  anisotropy.  The 
24.5  G  pair  and  the  small  structures  B  and  A  ap¬ 
pears  at  the  same  magnetic  field  values.  In  the  case 
of  different  defects,  the  change  of  frequency  from 
X  to  K  band  would  have  induced  significant  rela¬ 
tive  shifts  between  some  spectra  features.  We  can 
only  conclude  that  these  spectra  are  related  to 
a  unique  defect  center,  probably  related  to  the 
nitrogen  atoms. 

Fig.  4  shows  the  X  band  LESR  experimental 
spectrum  (full  line)  of  a  LHD  SiO^cN^H^  0,85  film 
grown  on  tetrasil,  where  signal  averaging  was  used 
to  improve  the  signal  to  noise  ratio.  The  spectra  of 
Figs.  4,  2(a)  and  3  come  from  layers  with  the  same 
composition  but  deposited  on  different  substrates 
located  at  various  position  in  the  PECVD  reactor. 
Five  or  six  different  spectral  features  are  resolved. 
One  of  them,  a  small  signal  at  magnetic  field  value 
near  of  3365  G  (^  ^  2.0032),  has  a  relative  change  of 
amplitude  from  one  sample  to  another  (Fig.  2(a) 
compared  with  Fig.  4)  or  is  not  observed  (Fig.  3). 
We  assign  it  to  a  carbon  defect  resulting  from 
a  contamination  during  the  sample  preparation; 
this  signal  was  observed  in  amorphous  silicon 
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Fig.  5,  The  X-band  computed  absorption  and  absorption  deriv¬ 
ative  of  an  axially  symmetric  nitroxide  signal  with 
g\  -  2.0025,  =  2.0075,  A  fg^.  /?  =  32  G,  AJg^  =  6  G  and 
a  small  widening  factor. 


carbide  (g  =  2.0034)  [26]  and  reported  in  HHD 
silicon  nitride  [24]. 

The  powder  pattern  for  a  spin  /  =  1  nucleus  may 
present  contrasted  shapes  depending  on  the  ^-ten¬ 
sor  and  hyperfine  tensor  anisotropies  [21].  For 
instance,  the  X-band  absorption  and  absorption 
derivative  ESR  spectra  computed  with  the 
values  ^11  =  2.00327,  =  2.0075,  AJg^P  =  32  G, 

A±/g±P  =  6G  and  with  a  very  small  broadening 
factor  are  shown  in  Fig.  5.  The  ESR  parameters  are 
those  of  a  nitroxide  radical.  Nitroxides  are  stable 
free  radicals  which  serve  as  probes  called  spin  labels 
and  which  attach  themselves  to  active  sites  in  pro¬ 
teins  or  other  molecules  [27].  Motional  effects  on 
nitroxide  spectra,  in  the  slow  tumbling  region  and 
in  the  case  of  the  rigid  limit,  induce  spectra  which 
are  very  similar  to  those  of  the  oxygen  rich  LHD 
silicon  oxynitrides  [28]. 


The  remaining  five  spectral  features  of  the  0.85 
LHD  silicon  oxynitride,  the  central  line  and  the  two 
pairs  with  24.5  and  75.6  G  separations,  suggest  that 
the  spectrum  is  much  reminiscent  of  the  powder 
pattern  composed  of  three  spectral  lines  of  a  center 
exhibiting  large  hyperfine  tensor  anisotropy.  This 
observation  underlies  the  computer  simulation  of 
the  spectrum.  The  dashed  line  in  Fig.  4  represents 
the  result  obtained  by  adding  the  powder 
spectra -depicted  separately  on  the  bottom  part  in 
Fig,  4 -of  two  ESR  point  defects.  The  first  is  the 
Sdb  defect  in  silicon  oxynitrides,  a  Gaussian  signal 
characterized  by  an  isotropic  g  =  2.0047  and 
a  peak-to-peak  AHpp  =  19.7  G.  The  second,  label¬ 
led  the  Nx  center,  is  a  hyperfine  spectrum  character¬ 
ized  by  axially  symmetric  g  and  A  matrices, 
of  principal  values  g^  =  2.0030,  g^  =  2.0017, 
A\\/g\  P  =  38.2  G,  AJg^  p  =  9.2  G  and  a  broaden¬ 
ing  factor /e  =  3.5  G.  With  the  relations  (6)  and  (7), 
we  calculate  A^^^  —  18.9  G,  =  9.7  G,  a  dangl¬ 
ing  bond  2s  character  at  3%  and  its  2p  character  at 
57%,  giving  a  total  localization  on  the  nitrogen 
atom  of  60%.  This  total  localization  value  is  inter¬ 
mediate  between  that  of  ONC  (20%)  and  that  of 
Nb  center  (76%), 

The  fitting  of  Fig.  4  reproduces  the  experimental 
spectrum  accurately.  We  conclude  that  the  LHD 
oxygen-rich  silicon  oxynitrides  present  only  two 
types  of  point  defect,  the  Si^b  and  what  we  called 
the  Nx  center.  This  type  of  decomposition  was  also 
satisfactory  for  the  0.70,  0.54  and  0.35  samples  of 
the  Fig.  2(a).  The  ESR  components  used  for  the  Si^b 
centers  are  indicated  in  Table  1.  We  observe  that 
the  Sidb  g  value  increases  to  2.0042  for  0/(0  +  N) 
>  0,55,  while  A//pp  increases  for  increasing 
0/0  +  N;  this  type  of  evolution  of  g  and  A//pp 
values  was  already  found  in  HHD  silicon  oxynitr¬ 
ides  [2].  The  ESR  components  {g^;,  g^,  Tn  and  A^) 
of  the  Nx  center  extracted  from  the  fittings  remain 
nearly  the  same  as  those  found  for  the  0.85  sample 
as  it  is  indicated  by  the  little  variation  of  the  central 
line  zero  crossing. 

Based  on  the  similarity  of  the  ESR  spectra  [28], 
we  think,  as  a  hypothesis  which  need  strongly  to  be 
confirmed,  that  this  Nx  center  could  be  the  signa¬ 
ture  of  °N-0  centers  in  the  LHD  silicon  oxynitr¬ 
ides.  Finally,  Fig.  6  indicates  the  variation  of  the 
two  point-defect  densities  as  a  function  of  the 
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Fig.  6.  The  point  defect  densities  as  a  function  of  the  0/(0  +  N) 
composition  in  the  silicon  oxynitrides  with  low  density  of  hydro¬ 
gen  (LHD).  The  silicon  dangling  bond  (•)  is  observed  for  all  the 
compositions  and  the  nitrogen  center  (A)  only  detected  for 
0/(0  +  N)  >  0.30.  The  sensitivity  limit  is 


0/(0  +  N)  composition.  The  Sidb  centers  are  domi¬ 
nant  (above  lO^^cm"^)  for  all  compositions,  a  max¬ 
imum  of  density  is  observed  at  0/(0  +  N)  =  0.55. 
The  Nx  center  is  not  detectable  in  LHD  silicon 
nitride  (below  the  sensitivity  limit  of  10^^cm“^),  it 
is  very  clearly  present  at  0.35  and  its  density  in¬ 
creases  versus  the  0/(0  +  N)  composition.  For 
0.85  sample,  the  Sidb  density  is  only  four  times 
higher  than  the  one. 

5.3.  The  LESR  spectrum  of  HHD  silicon  oxynitrides 

Fig.  7  represents  the  LESR  saturated  X  band 
experimental  signal  of  HHD  silicon  oxynitrides 
with  0/(0  +  N)  =  0.84  deposited  on  tetrasil  and 
measured  at  20K  (full  line).  The  best  fit  (dashed  line 
in  Fig.  7)  is  obtained  with  the  sum  of  an  Sidb 
(g  =  2.0029  and  AHpp  =  16  G),  a  nitrogen 
center  {g\\  —  2.0022,  g^  =  2.0007,  Afg^^\P  =  37.5  G, 
AJg^  P  =  92G  and  /e  =  3  G),  a  nitrogen  bridging 
Nb  center  (^:i  =  2.0033,^^  =  2.0109,  A \\/g\f  =  38  G, 
AJgi  jS  =  1.5  G  and  f=4G  and  a  signal  gener¬ 
ated  by  the  carbon  contamination  on  the  substrate 
{g  =  2.0036, /e  =  3.2  G).  This  fitting  reproduces  the 
position  in  magnetic  field  of  the  main  features  of  the 
complicated  LESR  spectrum,  but  the  amplitudes 
are  not  well  reproduced.  The  hyperfine  anisotropy 
of  the  extracted  Nb  center  corresponds  to 
Aiso  =  13.5G  and  ^anuo  =  12  G.  We  notice  that  the 
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Magnetic  field  [G] 

Fig.  7.  The  computed  X  band  ESR  derivative  signal  ( . ) 

compared  with  the  LESR  saturated  X  band  signal  of  HHD  with 
0/(0  +  N)  ^  0.84  deposited  on  tetrasil  and  measured  at  20  K 

( - ).  The  best  fitting  is  obtained  with  a  Silicon  dangling  bond 

(Sidb),  a  nitrogen  N*  center  (N  J,  a  nitrogen  bridging  center  (Nb) 
and  a  signal  generated  by  the  carbon  present  on  the  substrate. 

values  of  gj^  —  2.0109  and  Also  =  13.5  G  differ  from 
the  2.0078  and  13.5  G  currently  accepted  in  HHD 
silicon  nitride  for  the  Nb  center  [20].  Our  computa¬ 
tion  based  on  axially  symmetric  defects  needs  to  be 
extended  to  anisotropic  defects  in  order  to  obtain 
a  more  satisfactory  fitting  and  to  be  able  to  obtain 
the  relative  density  of  each  defect  as  a  function  of 
the  composition.  Right  now,  we  just  can  observe 
that,  by  contrast  with  previous  work  on  HHD 
silicon  oxynitrides  where  we  proposed  four  types  of 
defects  [2],  only  three  different  point  defects  are 
now  found  in  HHD  silicon  oxynitrides. 


6.  Conclusion 

The  new  LHD  silicon  oxynitrides  are  found  to 
contain,  in  addition  to  the  silicon  dangling  bonds 


394 


Y.  Cros  et  al.  j  Journal  of  Non-Cr\>stalUne  Solids  187  (1995)  885-394 


a  special  type  of  defect,  the  center,  related  to  the 
nitrogen  atom  which  was  not  mentioned  yet  in  the 
silicon  based  amorphous  insulating  thin  films.  It 
would  possibly  correspond  to  the  nitroxide  radical 
°NO  known  as  a  spin  labelling  radical.  By  contrast 
with  the  situation  observed  in  the  HHD  silicon 
nitride  where  the  Nb  defect  is  only  observed  after 
rough  treatment,  the  N,,  defects  are  detected  in  the 
silicon  oxynitrides  without  any  annealing  process. 
With  silicon  oxynitrides  becoming  more  and  more 
oxygen-rich/nitrogen-poor,  the  density  of  this  point 
defect  increases.  In  other  words,  the  ratio  of 
Nx  density/N  atomic  density  increases  sharply.  It  is 
an  indication  that  the  nitrogen  atoms  undergo 
growing  difficulties  to  incorporate  as  a  normal 
trivalent  atom  bonded  to  silicon  or  hydrogen 
atoms  in  the  amorphous  network  dominated  by 
Si04  local  tetrahedra.  The  more  complex  situation 
occurring  in  HHD  silicon  oxynitrides  corresponds 
to  the  presence  of  three  point  defect  types,  the  Si^b, 
the  N,,  and  the  Nb  centers.  A  quantitative  evolution 
of  the  density  of  these  defects  with  the  composition 
cannot  be  achieved  yet. 

The  authors  are  indebted  to  Professor  A.  Stes- 
mans.  Department  Natuurkunde,  Universiteit 
Leuven,  for  the  K  band  ESR  measurements  and  for 
stimulating  discussions. 
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Abstract 

Silicon  oxynitride  samples  deposited  by  plasma-enhanced  chemical  vapour  deposition  are  characterized  by  different 
techniques  to  obtain  their  stoichiometry  and  density.  From  these  data  and  applying  the  tetrahedron  model,  the  optical 
functions  in  the  range  from  0.23  to  0.90  pm  are  calculated  and  compared  with  the  results  of  spectroscopic  ellipsometry. 


L  Introduction 

Silicon  oxynitride  (SiO;cNy)  films  are  currently 
used  in  microelectronics  technology  mainly  as  final 
passivation  layers  for  non-volatile  memory  cells. 
Further,  silicon  oxynitrides  are  also  considered  in¬ 
teresting  materials  in  optoelectronics  due  to  the 
possibility  of  continuously  varying  their  optical 
functions  by  adjusting  deposition  parameters.  It  is 
known  that  these  materials  show  a  significant  pres¬ 
ence  of  hydrogen  in  their  structure  since  they  are 
usually  deposited  by  plasma-enhanced  chemical 
vapour  deposition  technique.  The  effect  of  hydro¬ 
gen  on  the  optical  properties  of  these  compounds 
has  not  yet  been  clearly  understood;  also  inter¬ 
pretation  of  experimental  data  is  often  controver¬ 
sial.  The  knowledge  of  the  influence  of  material 
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Stoichiometry  and  hydrogen  content  on  the  optical 
properties  is,  then,  needed  to  better  understand  the 
physical  characteristics  of  the  material  and  to  opti¬ 
mize  its  technological  applications. 

The  tetrahedron  model,  recently  extended  to 
cover  hydrogen-rich  silicon  oxynitrides,  allows 
a  direct  calculation  of  the  optical  properties  from 
the  experimental  density  and  stoichiometry  of  the 
material,  thus  enabling  a  comparison  between  cal¬ 
culated  and  experimental  data. 

In  this  paper,  the  results  of  a  wide  characteriza¬ 
tion  carried  out  on  hydrogen-rich  silicon  oxynitride 
samples  with  different  stoichiometry  by  means  of 
Rutherford  back  scattering  (RBS),  nuclear  reaction 
analysis  (NRA),  elastic  recoil  detection  (ERD)  anal¬ 
ysis,  infrared  (IR)  spectroscopy  and  density 
measurements  are  reported.  On  this  basis,  the  tet¬ 
rahedron  model  has  been  successfully  applied  and 
the  calculated  optical  functions  compared  with  ex¬ 
perimental  data  derived  from  spectroscopic  ellip¬ 
sometry  measurements.  From  such  a  comparison, 
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Table  1 

Experimental  stoichiometry,  density  and  [Si-H]/[N-H]  ratio  for  the  test  sample  and  for  samples  1  and  2  (SiO.^NyHt). 


X 

V 

t 

[Si-H]/[N-H] 

d  (g/cm^) 

Test  sample 

0.50 

0.85 

0.48 

0.006 

2.33 

Sample  1 

1.82 

0.13 

0.14 

0.067 

2.18 

Sample  2 

1.16 

0.46 

0.26 

0.009 

2.25 

an  indication  of  the  sensitivity  of  the  tetrahedron 
model  on  stoichiometry  and  density  together  with 
information  on  the  properties  of  the  hydrogen-rich 
silicon  oxynitride  samples  are  obtained. 


2.  Experimental 

Silicon  oxynitride  films  about  0.25  pm  thick  were 
deposited  at  400°C  using  a  single  wafer  cluster 
deposition  plasma-enhanced  chemical  vapour  de¬ 
position  system.  P-type  CZ  silicon  wafers  (100) 
oriented  with  1 6-24  Q  cm  resistivity  were  used  as 
substrates  for  the  deposition  of  different  films.  De¬ 
position  conditions  are  reported  in  detail  elsewhere 
[1].  Different  stoichiometries  were  obtained  by 
varying  the  [N^OlACSiHJ  +  [NH3]  +  [N^])  ra¬ 
tio  of  the  fluxes  of  the  reactants.  The  wafers, 
150  mm  in  diameter  and  675  pm  in  thickness,  were 
back  lapped  to  avoid  light  scattering  during  IR 
transmission  measurements. 

The  relative  concentrations  of  silicon,  oxygen, 
nitrogen,  and  hydrogen  in  the  films  were  measured 
combining  different  nuclear  techniques  using 
a  2.4  MeV  accelerator.  The  hydrogen  content  and 
the  in-depth  distribution  were  evaluated  by  ERD 
analysis.  Oxygen  and  nitrogen  content,  integrated 
over  the  entire  thickness  of  the  film,  was  measured 
by  NRA  using  the  reactions  ^^0(d,po)^"^0  and 
^"^N(d,p5)^^N  with  a  625  keV  D"^  beam.  The  silicon 
atoms  concentration  and  the  in-depth  distribution 
were  measured  by  RBS.  All  these  techniques,  pro¬ 
viding  the  atomic  concentration  per  square  cen¬ 
timetre,  allow  to  determine  the  composition  of  the 
films  with  an  error  estimated  of  10%  in  the  formula 
units.  Whether  and  in  which  measure  hydrogen  is 
directly  bonded  to  silicon  atoms  or  forms  NH  and 
OH  groups  in  the  films  is  determined  by  means  of 
IR  absorption  measurements.  The  [Si-H]/[N-H] 


ratio  is  obtained  by  evaluating  the  areas  of  the 
absorption  peaks  relative  to  N-H  (3400  cm“  and 
Si-H  (2250  cm"  vibrational  modes  [2].  The  band 
areas  are  converted  into  bond  densities  on  the  basis 
of  the  conversion  factors  proposed  by  Lanford  and 
Rand  [3]  for  Si3N4.  Indeed  it  has  been  shown  that 
using  such  factors  the  agreement  between  IR  and 
NRA  results  on  bond  concentration  is  very  good  even 
for  oxygen-rich  compounds  [4].  Absorption  bands 
caused  by  the  presence  of  OH  bonds  were  not  re¬ 
vealed  in  the  spectra;  this  indicates  that  OH  bond 
concentration  in  the  films  is  less  than  0. 1  %  in  weight. 

The  density  of  the  films  was  evaluated  by  weight 
and  volume  measurements.  The  uncertainty  on 
density  results  is  estimated  to  be  +  5%  of  the 
measured  values. 

A  complete  series  of  seven  samples  with 
stoichiometry  ranging  from  Si02  to  Si3N4  were 
deposited  and  characterized  with  respect  to 
stoichiometry  and  density.  Among  these,  two  sam¬ 
ples  with  different  composition  were  investigated  in 
detail.  The  measured  stoichiometry  and  density  of 
each  of  the  investigated  samples  is  reported  in 
Table  1  together  with  the  [Si-H]/[N-H]  ratio. 

Ellipsometric  functions  tan  ijj  and  cos  A  were 
measured  in  the  spectral  range  from  0.23  to  0.9  pm 
using  a  spectroscopic  ellipsometer  (SOPRA  ES4G) 
with  tracking  analyzer.  The  slit  width  was  150  pm 
(resolution  better  than  2  A)  and  each  datum  was 
taken  by  averaging  the  signal  for  some  minutes  to 
improve  the  signal  to  noise  ratio.  The  angle  of 
incidence  during  the  measurements  was  evaluated 
to  be  75.06°. 


3.  Results  and  discussion 

Silicon  oxides,  nitrides  and  oxynitrides  are 
known  to  possess  a  characteristic  short-range  order 
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whose  basic  units  are  tetrahedra  with  a  central 
silicon  atom  and  oxygen  or  nitrogen  atoms  at 
the  vertices.  On  the  basis  of  such  a  microscopic 
structure,  the  so-called  tetrahedron  model  has  been 
developed  [5]  to  calculate  the  complex  dielectric 
function  of  silicon  oxides  (SiO  J  and  nitrides  (SiN^^) 
taking  into  account  the  material  stoichiometry. 
Substoichiometric  silicon  oxides  and  nitrides  can 
be  described  considering  also  Si  atoms  as  possible 
vertex  atoms.  In  this  way  the  Si/O  and  Si/N  ratio  in 
the  compound  can  be  different  from  j  and  re¬ 
spectively.  A  dielectric  function  is  then  associated 
to  each  tetrahedron,  which  is  supposed  to  compose 
the  material,  by  scaling  the  dielectric  function  of  an 
adequate  reference  material.  Scaling  is  performed 
using  two  factors  evaluated  for  each  tetrahedral 
structure  on  the  basis  of  its  characteristic  bonds. 
Given  the  four  vertex  atoms,  properties  such  as  the 
bond  length  in  the  tetrahedron,  the  tetrahedron 
volume,  and  the  energy  gap  are  derived  by  aver¬ 
aging  the  corresponding  properties  of  known  ma¬ 
terials  where  all  bonds  are  the  same.  The  dielectric 
functions  of  the  tetrahedra  are  then  combined  to¬ 
gether  according  to  Bruggeman  effective  medium  ap¬ 
proximation  (EMA)  and  taking  into  account  the  vol¬ 
ume  fraction  that  each  tetrahedral  species  occupies  in 
the  material  (related  to  the  stoichiometry  index  x). 

Recently,  the  tetrahedron  model  has  been  ex¬ 
tended  [6]  to  include  hydrogen-rich  silicon  oxy¬ 
nitrides  (SiOxNyHt);  in  this  model  the  material  is 
supposed  to  be  composed  by  the  tetrahedra  typical 
for  SiOx  and  for  SiN;,,  by  mixed  structures  with  the 
contemporary  presence  of  oxygen  and  nitrogen  ver¬ 
tex  atoms  and  also  by  tetrahedra  with  hydrogen 
atoms  and  NH  groups  at  the  vertices.  In  particular, 
if  we  indicate  a  Si-centered  tetrahedron  with  four 
atoms  A  at  the  four  vertices  as  Si-A4,  the  following 
tetrahedra  are  considered  for  oxynitrides: 

Si-SU  -  V  N V ,  Si-Su  -  V  0„  Si-04  -  V  N„ 

Si-N4-v(NH)„  Si-04-v(NH)„  Si-HO(NH)2, 
Si-H02(NH),  Si-HN(NH)2,  Si-HN2(NH), 
Si-SiO(NH)2 ,  Si-Si02(NH),  Si-Si(NH)3 , 
Si-SiN(NH)2,  Si-SiN2(NH).  It  is  worth  noting  that 
in  principle  also  OH  groups  should  be  included  as 
vertex  species  and  thus  also  tetrahedra  containing 
OH  should  be  considered.  Since  OH  absorption 
bands  have  not  been  detected  in  the  IR  spectra,  the 
presence  of  tetrahedra  with  OH  as  vertex  groups  is 


here  neglected,  supposing  that  their  contribution  is 
very  small. 

In  the  tetrahedron  model  every  bond  is  supposed 
to  be  saturated,  i.e.  there  are  no  dangling  bonds  in 
the  material.  It  is  also  supposed  that  the  material  is 
homogeneous  on  a  microscopic  scale,  thus  exclud¬ 
ing  phase  separation.  This  last  assumption  is  sup¬ 
ported  by  IR  results:  a  phase  separation  in  the 
material  would  imply  the  presence  of  absorption 
bands  relative  to  each  phase,  while  only  one  band 
at  a  wave  number  intermediate  between  those  of 
Si02  and  Si3N4  was  detected.  As  will  be  shown,  the 
effect  of  micro  voids  and  density  variations  in  the 
material  can  heavily  affect  the  optical  properties  of 
oxynitrides  films.  The  samples  must  therefore  be 
characterized  not  only  according  to  stoichiometry, 
but  also  to  density.  It  is  possible  to  quantify  the 
effect  of  voids  in  the  material  by  comparing  the 
experimental  density  of  a  sample  with  its  theoret¬ 
ical  density  dt  as  calculated  according  to  the  sample 
stoichiometry.  Indicating  the  fraction  of  volume 
occupied  by  void  as  v,  the  following  relation  holds: 


Once  V  is  defined,  the  volume  fractions  relative  to  all 
N  tetrahedra  under  consideration  and  v  itself  must  be 
renormalized  in  such  a  way  to  have  f  -f  X  ~ 
this  manner  void  is  considered  as  a  constituent  of 
the  material  and  its  effect  can  be  included  in  the 
EMA  evaluation  after  associating  to  the  volume 
fraction  v  the  void  dielectric  function  1  -f  iO. 

The  effects  of  density  variations  within  experi¬ 
mental  uncertainty  on  the  dielectric  function  of 
a  test  sample  of  stoichiometry  SiO0.5N0.85H0.48  is 
shown  in  Fig.  1.  The  solid  curves  are  the  real  and 
imaginary  parts  of  the  complex  refractive  index 
n  n  A-  ik  calculated  considering  the  experi¬ 
mentally  determined  density  value  of  2.33  g/cm^, 
while  the  dashed  lines  represent  n  and  k  for  density 
variations  of  ±  5%  on  the  experimental  value. 
Such  modifications  produce  variations  of  as  much 
as  4%  in  the  n  and  k  optical  functions  calculated  by 
the  tetrahedron  model.  Of  course,  variations  occur 
in  such  a  way  to  increase  n  and  k  as  the  material 
becomes  more  dense.  The  sensitivity  of  the  model 
requires  the  samples  to  be  well  characterized  with 
respect  to  density. 
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X  (|j.m) 

Fig.  1,  Real  and  imaginary  parts  of  the  complex  refractive  index  of  the  test  sample  (  -)  calculated  considering  Table  I  data  and 

varying  the  density  values  by  5%  ( - ). 


Then  the  model  sensitivity  on  stoichiometry  vari¬ 
ations  for  a  fixed  density  of  the  sample  has  been 
tested.  The  results  for  a  test  sample  are  shown  in 
Fig.  2,  where  the  solid  lines  represent  n  and  k  func¬ 
tions  calculated  for  the  experimental  stoichiometry 
(see  Table  1)  and  the  dashed  lines  those  evaluated 
considering  stoichiometry  variations  comparable 
with  the  experimental  uncertainty.  Variations  of 
±  10%  on  the  stoichiometry  indexes  for  oxygen  (x) 
and  nitrogen  (y)  produce  variations  of  about  15% 
in  the  calculated  n  optical  function.  It  is  worth 
noting  that  when  a  real  material  is  simulated  with 
the  tetrahedron  model,  as  in  this  case,  the  effects  of 


the  experimental  uncertainty  on  both  the  density 
value  and  the  stoichiometry  indexes  have  to  be 
considered;  this  leads  in  some  cases  to  an  appreci¬ 
able  range  of  variation  of  the  model  results. 

Spectroscopic  ellipsometry  is,  in  general, 
a  powerful  non-destructive  technique  for  evaluat¬ 
ing  optical  functions.  The  influence  of  the  analytical 
models  used  to  calculate  n  and  k  from  ellipsometric 
functions  tan  ij/  and  cos  A  is  often  very  strong.  The 
results  of  direct  inversion  of  ellipsometric  equations 
are  often  not  accurate  due  to  the  presence  in  the 
experimental  spectra  of  points  in  which  tan  ij/  —  0 
and  coszd  =  ™  1.  In  these  points  several  pairs  of 
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X  (jim) 

Fig.  2.  Real  and  imaginary  parts  of  the  complex  refractive  index  of  the  test  sample  ( — — )  calculated  considering  Table  1  data  and 
varying  the  stoichiometry  indices  x  and  y  by  10%  ( - ). 


n  and  T  values  can  solve  ellipsometric  equations 
making  the  accuracy  of  the  derived  parameters  very 
poor  [1,7].  The  data  analysis  was  then  performed 
following  two  methods.  The  first  one  consists  of 
fitting  the  experimental  spectra  starting  from  the 
Sellmeier  dispersion  formulae: 

^  nDX  +  EjX  +  l/A^’ 

where  A,  B,  C,  D  and  E  are  the  free  parameters  of 
the  fit.  This  analytical  model  was  chosen  because  it 
is  one  of  the  most  accurate  for  dielectric  material  in 


the  visible  range.  Thickness  values  T  for  the  oxy¬ 
nitrides  films  were  evaluated  setting  also  T  as  a  free 
parameter.  The  second  analysis  of  ellipsometric 
functions  tan  ij/  and  cos  A  was  based  on  the  Brug- 
geman  EM  A  [8].  A  geometrical  model  constituted 
by  different  layers  made  of  physical  mixtures  of  two 
different  phases  on  a  single  crystalline  silicon  sub¬ 
strate  was  assumed.  The  first  layer  is  supposed  to 
be  composed  of  Si02  and  Si3N4  and  the  second  one 
of  amorphous  silicon  and  Si3N4.  Si02  and  a-Si 
concentrations  together  with  film  thickness  T  are 
taken  as  free  parameters  for  the  fit  of  experimental 
tan  ij/  and  cos  A.  The  two-layer  model  based  on 
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Fig.  3.  Real  and  imaginary  parts  of  the  complex  refractive  index  of  sample  1  (-  — )  calculated  considering  Table  1  data  and  varying 

both  density  by  5%  and  stoichiometry  indices  .x  and  y  by  10%  ( - ).  Ellipsometric  data  are  reported  for  comparison  as  evaluated 

using  Sellmeier  analytical  model  (O)  and  Bruggeman  EMA  (•). 


Bruggeman  EMA  permits  a  significant  improve¬ 
ment  in  the  least  square  deviation  of  the  fit  with 
respect  to  the  other  two  models.  Bruggeman  EMA 
has  been  applied  here  only  to  reach  a  best  fit  with 
experimental  ellipsometric  data  and  then  derive 
n  and  k.  It  should  be  stressed  that  in  this  case  it  is 
not  a  good  physical  model  for  oxynitrides  films 
since  it  assumes  two  distinct  phases,  i.e.  Si02  and 
Si3N4,  as  composing  the  films.  Nonetheless,  the 
obtained  n  and  k  spectra  are  reliable,  since  they 
come  from  a  good  fit  of  the  experimental  data. 

A  comparison  between  ellipsometric  experi¬ 
mental  data  and  calculated  optical  functions  for 


samples  with  the  stoichiometry  and  the  density 
reported  in  Table  1  is  shown  in  Figs.  3  and  4.  The 
areas  between  the  dashed  lines  correspond  to  the 
region  in  which  the  optical  functions  calculated 
with  the  tetrahedron  model  can  vary  due  to  the 
experimental  uncertainty  of  +  10%  in  the 
stoichiometry  and  of  +  5%  in  density  value.  Ex¬ 
perimental  data  have  been  obtained  from  ellip¬ 
sometric  functions  by  Sellmeier  and  Bruggeman 
EMA  fitting  models  (n)  and  only  from  Bruggeman 
EMA  (/c).  In  the  case  of  Sellmeier  analytical  fitting 
the  k  spectra  are  not  significant  owing  to  their  very 
low  values  and  to  the  presence  of  some  discontinui- 
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Fig.  4.  Real  and  imaginary  parts  of  the  complex  refractive  index  of  sample  2  ( - )  calculated  considering  Table  1  data  and  varying 

both  density  by  5%  and  stoichiometry  indices  x  and  y  by  10%  ( - ).  Ellipsometric  data  are  reported  for  comparison  as  evaluated 

using  Sellmeier  analytical  model  (O)  and  Bruggeman  EMA  (•). 


ties.  Considering  the  n  spectra  in  Figs.  3  and  4,  we 
note  a  good  agreement  between  theory  and  experi¬ 
ment  for  both  samples  over  the  entire  spectral  re¬ 
gion.  The  agreement  is  slightly  worse  in  the  short 
wavelength  region,  in  particular  for  sample  2.  This 
can  be  ascribed  to  the  fact  that  the  tetrahedron 
model  neglects  the  possible  presence  of  dangling 
bonds.  It  is  known  that  in  PECVD  oxynitride  films 
the  Si  dangling  bonds  density  can  be  of  the  order  of 
10^^  cm”^;  despite  this  low  density,  bonds  could 
have  a  certain  influence  on  the  calculated  optical 
spectra.  In  fact  if  the  stoichiometry  indices  are  such 
that  some  Si  bonds  remain  unsaturated,  Si-Si 


bonds  are  introduced  in  the  model  (through  tet- 
rahedra  with  Si  vertex  atoms),  affecting  the  short 
wavelength  part  of  the  spectra.  In  this  case  experi¬ 
mental  spectra  show  lower  n  and  k  values  with 
respect  to  those  calculated  using  the  model.  Unfor¬ 
tunately,  the  dangling  bonds  cannot  be  included  in 
the  model,  since  this  would  require  to  assoicate  them 
a  dielectric  function,  which  is  not  straightforward. 

As  for  the  k  spectra,  the  agreement  is  poor.  Also 
in  this  case  the  Si-Si  bonds  strongly  influence  the 
model  results  at  short  wavelengths.  Moreover,  for 
such  low  k  values  ellipsometry  reliability  is  known 
to  be  poor. 
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4.  Conclusions 

The  tetrahedron  model  is  here  used  to  calculate 
the  optical  functions  of  hydrogen-rich  silicon  oxy¬ 
nitrides  also  including  the  effects  of  microvoids  and 
density  variations  in  the  material.  The  sensitivity  of 
the  tetrahedron  model  on  both  density  and 
stoichiometry  variations  was  analyzed.  It  was  found 
that  the  experimental  uncertainties  on  density  and 
stoichiometry  values  could  lead  sometimes  to  an 
appreciable  range  of  variations  of  the  model  results. 
Finally,  a  comparison  between  calculated  and  ex¬ 
perimental  optical  functions  for  the  hydrogen-rich 
oxynitrides  samples  of  different  stoichiometry  and 
density  has  been  carried  out  finding  a  satisfactory 
agreement  between  theory  and  experiment. 
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Abstract 

Silicon-oxynitride  layers  were  deposited  by  electron  cyclotron  resonance  plasma  enhanced  chemical  vapour  deposition 
onto  silicon  and  glass  substrates.  Working  pressure  ranged  from  0.8  to  4  mTorr.  Thin  films  of  SiO^N^  with  different 
composition  were  obtained  by  a  change  of  gas  flow  ratio  under  computer  control.  The  optical  properties  of  thin  SiO^^N^ 
films  grown  from  02/Ar,  N2  and  SiH4/Ar  gas  mixtures  were  determined  by  optical  transmission  spectroscopy  and 
Fourier  transform  infrared  spectroscopy.  Growth  rate  was  in  the  range  2-10  nm/min,  while  refractive  index  changed 
from  2.6  to  1.48  with  a  corresponding  change  in  02/(N2  +  O2)  from  0.01  to  0.318  at  constant  total  flow  and  constant 
silane  flow.  The  influence  of  gas  flow  ratio  and  substrate  bias  on  refractive  index,  growth  rate  and  on  chemical 
composition  of  grown  layers  was  also  studied. 


1.  Introduction 

New  generations  of  electronic  and  optical  devi¬ 
ces  place  new  demands  on  current  fabrication 
technology.  These  include  a  further  reduction  in 
deposition  temperature  and  stringent  control  of  the 
energy  of  particles  bombarding  the  wafer  surface  to 
prevent  radiation  damage  of  sensitive  structures 
[1]. 

Silicon  nitride  and  silicon-oxynitride  films  have 
found  many  applications  in  integrated  circuits  and 
devices  as  dielectrics,  diffusion  barriers,  as  well  as 
for  isolation  and  passivation  of  semiconductor 
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structures  [2].  It  is  also  a  very  attractive  material 
for  optical  thin  films  since  refractive  index  can  be 
varied  according  to  needs  over  an  extremely  broad 
range  without  the  problems  associated  with  match¬ 
ing  materials  with  different  chemical  and  mechan¬ 
ical  properties  [3-5].  Common  methods  to 
produce  silicon  nitride  and  oxynitride  thin  layers 
are  13.56  MHz  PECVD,  afterglow  CVD  or  thermal 
CVD  techniques  [6]. 

One  of  the  candidates  to  replace  standard 
13.56  MHz  plasma  deposition  of  thin  films  is  a  hy¬ 
brid  2.45  GHz  electron  cyclotron  resonance  plasma 
enhanced  chemical  vapour  deposition  (ECR- 
PECVD)  technology  [7-9].  In  this  arrangement 
microwave  excitation  creates  a  low  energy,  low 
pressure,  high  density  plasma,  while  13.56  MHz 
bias  allows  for  precise  control  of  the  energy  of 
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charged  particles  striking  the  substrate  surface  and 
therefore  control  over  the  stress  in  the  films. 


2.  Experiment 

2.7.  Deposition  system 

The  vacuum  system  consists  of  a  pumping  sta¬ 
tion,  main  chamber,  compact  ECR  source  and  gas 
distribution  system.  It  is  schematically  represented 
in  Fig.  1.  A  Leybold-Heraeus  360  CSV  turbo- 
molecular  pump  together  with  a  TRIVAC  D30A 
rough  pump  were  used  to  provide  sufficient  pump¬ 
ing  speed  and  base  pressure  of  less  than  10'^  Torr 
in  the  chamber.  A  pneumatic  gate  valve  was  instal¬ 
led  on  the  pumping  port.  A  bypass  line  (not  shown) 
allows  loading  of  samples  in  the  chamber  while  the 
turbomolecular  pump  is  running. 

The  stainless  steel  high  vacuum  chamber  was 
equipped  with  two  CF63  and  several  KF40  flanges 
to  allow  flexible  installation  of  the  ECR  source, 
electrical  and  gas  feedthroughs,  a  quadrupole  mass 
spectrometer  and  vacuum  gauges.  Convectron 
gauges  were  used  to  monitor  pressure  during  de¬ 
position  and  a  cold  cathode  Penning  gauge  and 


mass  spectrometer  were  employed  for  base  pressure 
monitoring.  The  typical  pumpdown  time  from  at¬ 
mosphere  to  2  X  10”  ^  Torr  was  30  min,  A  substrate 
holder,  made  from  aluminium  and  Teflon  and  with 
rf/dc  biasing  capabilities,  holds  the  sample  in  a  ver¬ 
tical  position  at  variable  distance  from  the  source, 
and  at  any  chosen  angle  to  the  direction  of  the 
plasma  stream.  A  compact  ECR  plasma  source  was 
installed  on  the  chamber  in  a  horizontal  position 
and  equipped  with  an  additional  Tesla  coil  for 
extraction  of  ions.  Since  the  ECR  source  was  de¬ 
scribed  elsewhere  [10]  it  will  not  be  described  here 
in  detail. 

Several  gas  channels  were  used  to  deliver  the 
gases  into  the  chamber.  One  line  was  dedicated  to 
deliver  N2  and  9%  O2  in  Ar,  and  a  separate  line  for 
30%  SiH4  in  Ar.  The  first  line  was  used  to  feed  the 
ECR  source,  while  the  second  one  introduced 
silane  through  a  gas  distribution  ring  placed  close 
to  the  substrate  holder.  The  correct  position  of  the 
gas  ring  relative  to  the  substrate  was  found  to  be 
very  important  for  satisfactory  uniformity  and 
growth  rate.  The  third  gas  channel  is  dedicated  for 
backfilling  of  the  system  with  nitrogen.  Filters  were 
put  in  every  gas  line  to  ensure  absence  of  particles 
in  the  gas  stream.  Two  Aalborg  Instruments 


DC  POWER  SUPPLY 


Fig.  1.  Schematic  representation  of  the  computer  controlled  ECR  deposition  system. 
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AFC-2600  mass  flow  controllers  (MFC)  with  nor¬ 
mally  closed  control  valves  and  a  flow  rate  up  to 
100  seem,  and  two  Tylan  2900  MFCs  with  a  max¬ 
imum  flow  rate  of  50  seem  provide  smooth  changes 
of  gas  flows.  Valves,  mass  flow  controllers,  filters 
and  gas  inlets  were  equipped  with  VCR  type  fittings 
for  maximal  leak  tightness.  All  tubing  was  chemi¬ 
cally  polished  inside  to  ensure  minimum  outgassing 
capacity. 

Microwave  energy  was  supplied  to  the  source  via 
a  flexible  coaxial  line  from  the  2.45  GHz  magnetron 
generator.  The  manually  controlled  generator  pro¬ 
vides  5-800  W  microwave  power  to  the  quarter- 
wave  antenna  isolated  from  vacuum  by  a  cap  made 
of  alumina  ceramic,  which  is  cooled  with  pressur¬ 
ized  nitrogen.  A  regulated  13.56  MHz  radio  fre¬ 
quency  (rf)  generator  with  a  power  amplifier  was 
used  to  bias  the  substrate  in  order  to  control  the 
energy  of  ions  arriving  onto  the  substrate.  Self-bias 
was  monitored  during  deposition. 

A  personal  computer  is  the  key  device  in  the 
control  system  for  the  deposition  machine.  Two 
PCL-718  multi-function  data  acquisition  cards 
[11]  which  were  attached  to  the  computer  carried 
out  the  control  of  the  gas  flows,  providing  a  prede¬ 
termined  set  of  flow  rates.  Each  card  is  used  in 
a  differential  unipolar  analog  input  configuration 
and  employs  an  industrial  standard  12-bit  success¬ 
ive  approximation  converter  {HI-674A)  to  convert 
analog  inputs.  The  maximum  A/D  sampling  rate 
is  60  kHz  which  is  more  than  enough  during  con¬ 
trol  of  the  MFCs.  Each  card  also  has  two  12-bit 
monolithic  D/A  output  channels  with  an  output 
range  of  0  to  -h  5  V  for  driving  the  MFC  up  to  full 
flow  rate. 

2.2.  Deposition  and  characterization 

During  deposition  the  conditions  were  as  fol¬ 
lows:  100  W  microwave  power;  base  pressure  less 
than  10“^Torr;  working  pressure  of  about 
2  mTorr;  gas  flow  rates  set  from  3  to  13  seem;  total 
flow  rate  was  kept  constant  at  21  seem;  10  W  rf- 
bias  power.  Deposition  was  carried  out  onto 
<10  0>  p-type  silicon  substrates.  For  FTIR  trans¬ 
mission  measurements,  3  in  high  resistivity  double¬ 
side  polished  silicon  wafers  were  cut  into  four.  One 
sample  from  each  wafer  was  used  as  reference  in 


FTIR  measurements.  The  other  three  quarter 
pieces  of  each  wafer  were  used  as  carriers  for  depos¬ 
ition  of  layers  of  different  composition,  but  with  the 
same  thickness  of  150  nm.  Before  deposition  all 
silicon  substrates  were  cleaned  with  the  standard 
RCA  cleaning  procedure. 

Deposited  films  were  studied  with  a  Rudolf  Re¬ 
search  Auto-EL  ellipsometer  at  a  single  wavelength 
of  632.8  nm  for  estimation  of  growth  rate  and  re¬ 
fractive  indices  of  the  films.  A  UV-VIS-NIR  spec¬ 
trophotometer  Hitachi  model  U-3400  was  used  for 
transmission  measurements.  The  values  of  optical 
band  gap  were  calculated  from  these  transmission 
spectra  [12].  Infrared  transmission  measurements 
were  performed  in  the  2.5-25  pm  wavelength  range 
using  a  Perkin- Elmer  1600  FTIR  spectro¬ 
photometer. 

3.  Results  and  discussion 

Data  of  growth  rate  versus  gas  flow  ratio  are 
shown  in  Fig.  2.  The  growth  rate  increased  with 
increasing  02/(N2  +  O2)  ratio.  Simultaneously, 
the  refractive  index,  measured  at  a  wavelength  of 
632.8  nm,  decreased,  because  of  the  substitution  of 
Si-N  bonds  with  Si-O  bonds,  and  oxidation  of 
excessive  silicon  in  the  layers. 

For  infrared  transmission  measurements  seven 
samples  of  SiO^^N^,  with  different  02/(02  +  N2) 
flow  ratio  were  used.  Thin  films  of  pure  Si02  and 
Si3N4  were  grown  for  reference.  Gas  mixtures  of 
4  seem  30%  SiH4  in  Ar  with  16  seem  9%  O2  in  Ar, 
and  4  seem  30%  SiH4  in  Ar  with  16  seem  N2  were 
used,  respectively.  The  results  of  FTIR  measure¬ 
ments  are  presented  in  Fig.  3.  A  clear  tendency  can 
be  observed  in  the  change  of  optical  absorption 
peak  positions.  With  an  increase  in  02/(02  +  N2) 
ratio  the  main  peak  of  the  Si-N  stretching  mode  in 
Si3N4  at  830  cm  is  smoothly  shifting  towards 
1040  cm"  ^  which  is  the  Si-O  stretching  mode  in 
Si02 .  One  should  notice  that  transition  from  most¬ 
ly  silicon  nitride  to  mostly  silicon  dioxide  takes 
place  between  0.027  and  0.049  gas  flow  ratios.  The 
corresponding  change  in  refractive  index  can  be 
seen  in  Fig.  2.  Also,  there  are  hardly  any  Si-H 
or  N-H  bonds  at  wave  numbers  2160 cm” ^ 
and  3330  cm” ^  respectively.  The  exception  is  the 
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Fig.  2.  Dependence  of  refractive  index  and  growth  rate  of  SiO^N^,  on  0,/(N,  +  O, )  flow  ratio  at  a  constant  7  seem  flow  of  SiH^.  Lines 
are  drawn  as  guides  for  the  eye. 
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Fig.  3.  FTIR  transmission  spectra  of  SiO^N^.  films  (all  layers  are  of  approximately  equal  thickness,  150  nm). 


samples  grown  at  0.01  and  0.021  gas  flow  ratios,  for  increased  linearly  from  1.5  to  8.8  nm/min,  while  the 

which  the  small  number  of  Si-H  bonds  is  attributed  refractive  index  increased  only  slightly  from  1.522 

to  excessive  silicon  in  the  layers  [13].  to  1.552,  most  probably  because  of  some  densifica- 

In  Fig.  4  the  dependence  of  growth  rate  and  re-  tion  resulting  from  an  increase  of  ion  bombard- 

fractive  index  at  632.8  nm  on  self-bias  is  shown  for  ment  following  the  increase  in  self-bias  from  50  to 
a  flow  ratio  03/(02  +  N2)  =  0.1 14.  Growth  rate  250  V. 
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Fig.  4.  Dependence  of  refractive  index  of  SiO^^N^,  at  632.8  nm  and  growth  rate  of  SiO^N^  on  self-bias  of  the  substrate.  Lines  are  drawn  as 
guides  for  the  eye. 


0.4  0.5  0.6  0.7  0.8  0.9  0.01  0.02  0.03  0.04 


N2'  ^  N2  SiH4  '  02'  ^  02  N2^ 

Fig.  5.  Optical  band  gap  versus  gas  flow  ratio  for  SiO^N^,.  Lines  are  drawn  as  guides  for  the  eye. 


The  values  of  optical  band  gap  are  represented  nitrogen  and  oxygen  content  in  the  film  (decrease 

in  Fig.  5.  It  increases  from  1.7  to  more  than  6  eV  in  refractive  index).  This  indicates  the  transition 

(not  shown  in  the  graph)  with  an  increase  in  from  silicon  to  silicon-rich  oxynitride  and  further  to 

the  proportion  of  nitrogen  and  oxygen  in  the  silicon  dioxide  in  the  chemical  composition  of  the 

gas  composition,  corresponding  to  an  increase  in  film. 
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4.  Conclusions 

ECR-PECVD  of  silicon-oxynitride  layers  was 
investigated  for  different  gas  flow  ratios  and  sub¬ 
strate  bias.  It  was  found  that  increased  self-bias 
resulted  in  a  large  increase  of  growth  rate,  while  the 
refractive  index  changed  only  slightly.  The  gas  flow 
ratio  determined  refractive  index  over  a  broad 
range  as  a  result  of  changes  in  chemical  composition. 
FTIR  measurements  showed  a  smooth  transition 
between  silicon  dioxide  and  silicon  nitride. 
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Abstract 

Capacitance- voltage  characteristics  of  metal-insulator-semiconductor  structures  of  boron  nitride  on  InP  have  been 
investigated.  The  measurements  show  an  overall  good  capacitance  modulation.  In  accumulation,  the  frequency  depend¬ 
ence  of  the  capacitance  of  these  diodes  is  consistently  attributed  to  tunneling-related  trapping.  Bias-temperature-stress 
(BTS)  measurements  are  used  to  evaluate  the  density  and  sign  of  the  ions  which  are  mobile  at  400  K.  BTS  measurements 
at  300  K  show  effects  mainly  attributed  to  electron  injection  from  the  InP  into  traps  located  in  the  insulator  near  the 
interface. 


1,  Introduction 

Indium  phosphide  (InP)  metal-insulator- 
semiconductor  (MIS)  field-effect  transistors 
(MISFETs)  present  potential  applications  in  high 
frequency  digital  circuits,  microwave  power  ampli¬ 
fiers  and  monolithic  optoelectronic  devices. 
Thus  many  efforts  were  directed  at  the  develop¬ 
ment  of  a  high  quality  InP  MIS  technology.  Plasma 
enhanced  chemical  vapor  deposition  (PECVD) 
processes  are  known  to  allow  deposition  of  dielec¬ 
tric  films  at  low  temperatures,  avoiding  thermal 
damage  to  the  semiconductor  substrates. 

In  the  present  work,  MIS  structures  based  on 
boron  nitride  (BN)  films  have  been  characterized 
by  capacitance-voltage  measurements,  at  different 
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frequencies  and  different  temperatures  for 
bias-temperature-stress  (BTS)  measurements. 

2.  Experimental  procedure 

Boron  nitride  thin  films  were  deposited  on  InP, 
by  a  PECVD  technique,  using  the  reaction  of 
borane-dimethylamine  (BDMA)  and  ammonia  [1]. 
The  InP  substrates  were  located  downstream  the 
plasma  region  in  order  to  minimize  surface  damage. 
Before  introduction  into  the  reactor,  the  samples 
were  chemically  etched  in  HCl.  The  deposition  was 
then  performed  by  applying  an  rf  plasma  power  of 
50  W  for  2  h,  with  a  substrate  temperature  fixed  at 
320‘"C.  The  BDMA  is  heated  up  to  45°C  and  hy¬ 
drogen  is  used  as  the  carrier  gas  to  transport  its 
vapor  into  the  reaction  chamber.  The  samples  were 
annealed  at  400°C  for  30  min  in  nitrogen.  To  study 
the  electrical  properties,  Au/BN/InP  MIS  struc¬ 
tures  were  prepared. 
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3.  Results  and  discussion 

The  resistivity  of  the  insulating  layers,  deduced 
from  current-voltage  measurements,  was  found  in 
the  10^  Qcm  range.  From  the  capacitance- 

voltage  characteristic  measured  at  1  MHz,  the  dis¬ 
tribution  of  the  interface  states  density  was  deduced 
following  the  lines  of  the  Terman  method.  A  min¬ 
imum  value  of  3  X  10^^  cm“^  eV“^  was  found.  In 
the  following  we  first  present  our  results  on  the 
frequency  dispersion  of  the  C-V  curves  and  then 
the  hysteresis  effects  which  have  been  studied  by 
BTS  measurements. 

3.7.  Anomalous  frequency  dispersion  in  accumula¬ 
tion 

Fig.  1  shows  the  C-V  curves  measured  at  vari¬ 
ous  frequencies  for  a  given  sample  A.  In  accumula¬ 
tion,  the  capacitance  of  this  structure  decreases  by 
about  11%  when  the  frequency  increases  from 
1  kHz  to  1  MHz.  A  similar  frequency  dispersion 
has  been  observed  in  many  InP  MIS  diodes  [2-8] 
and  various  mechanisms  have  been  proposed 
[2,4,8-12],  including  the  frequency  dispersion  of 
the  permittivity  of  the  insulator,  the  presence  of 
a  parasitic  series  impedance,  of  high  leakage  cur¬ 
rents  in  the  insulator  layer,  and  the  existence  of 


a  high-density  distribution  of  states  at  the  interface 
or  in  the  insulator. 

The  frequency  dependence  of  the  permittivity  of 
the  insulator  has  been  ruled  out  by  the  study  of 
a  metal-insulator-metal  structure. 

An  alternative  explanation  which  has  also  been 
ruled  out  is  the  presence  of  a  parasitic  series  impe¬ 
dance.  Indeed,  in  the  studied  frequency  range,  the 
series  resistance,  25  O,  evaluated  for  the  structure 
A  only  induced  0.25%  in  the  frequency  dispersion, 
which  is  very  weak  compared  with  the  experi¬ 
mental  value.  Thus  the  parasitic  series  impedance 
has  an  insignificant  effect  on  the  measured  accumu¬ 
lation  capacitance. 

The  observed  variations  cannot  also  be  at¬ 
tributed  to  a  high  leakage  current  in  the  BN  layer, 
as  we  shall  see  now.  In  the  accumulation  regime, 
the  semiconductor  capacitance,  Cso  is  much  higher 
than  the  insulator  capacitance,  Cj.  If  we  only  con¬ 
sider  the  effect  of  the  conductance  of  the  insulator, 
Gj,  the  measured  capacitance  is  approximately 
given  by 


The  experimental  versus  l/co^  curve,  for 
Fg  =  +  3  V,  exhibits  a  non-linear  behavior  which 
implies  that  the  high  leakage  current  in  the  BN 


Fig.  1.  C-V  curves  at  different  frequencies  (1  kHz  to  1  MHz)  of  a  BN-InP  MIS  structure  (sample  A). 
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(b) 

Fig.  2.  Conventional  circuit  diagrams  [13]  of  the 
insulator-semiconductor  interface  in  (a)  depletion  and  (b)  accu¬ 
mulation. 


layer  cannot  be  the  main  origin  of  the  observed 
frequency  dispersion. 

The  fourth  hypothesis  to  explain  this  pheno¬ 
menon  is  the  existence  of  interface  states.  The  con¬ 
ventional  circuit  diagram  [13]  is  shown  in  Fig.  2(a) 
where  the  trap  admittance,  is  a  parallel  combi¬ 
nation  of  the  trap  capacitance,  Ct,  and  the  trap 
conductance,  G^.  The  frequency  response  of  the  trap 
can  be  described  by  Lehovec’s  [14]  expression: 

Ct  =  —  tan  “  ^  (cot)  ,  (2) 

COT 

where  Cit  is  the  interface  trap  capacitance  and  t  the 
trap  response  time.  In  accumulation,  the  impe¬ 
dance  of  Csc  is  negligible,  Ft  is  nearly  short-cir¬ 
cuited  leading  to  the  simplified  circuit  shown  in 
Fig.  2(b).  According  to  this  circuit  model  no  fre¬ 
quency  dispersion  is  expected  in  accumulation 
[11]. 

Mui  etal.  [11]  have  proposed  a  new  circuit 
model  to  explain  this  phenomenon.  The  insulator  is 
assumed  to  be  perfect  apart  from  the  fact  that  it 
contains  a  spatial  distribution  of  traps,  located  near 
the  semiconductor/insulator  interface,  whose  en¬ 
ergy  distribution  is  arbitrary.  They  assumed  that 
the  traps  which  respond  to  the  applied  ac  signal  are 
close  in  energy  to  the  conduction  band  edge  of  the 
semiconductor.  Consequently  the  capture  of  tun¬ 
neling  electrons  by  these  traps  can  be  direct,  with¬ 
out  the  need  of  a  two-step  process,  Shockley- 
Read-Hall  (SRH)  mechanism  followed  by  tunnel¬ 
ing,  as  in  the  model  of  Heiman  and  Warfield  [15]. 


Fig.  3.  Circuit  model  which  describes  the  tunneling-related 
trapping  in  accumulation  [11]. 


They  showed  that  with  direct  capture  of  tunneling 
electrons  by  interface  traps,  the  appropriate  circuit 
model  is  modified  as  reported  in  Fig.  3.  In  this 
model  the  large  value  of  Csc  no  longer  short-cir¬ 
cuits  the  trap  admittance.  According  to  their  deri¬ 
vation,  the  interface  trap  capacitance  is  frequency 
dependent,  and  also  includes  some  other  physical 
parameters  such  as  the  density,  of  tunneling- 
related  traps,  the  response  time,  t,  of  the  traps,  the 
electron  tunnel  wave  vector,  ko  and  the  thickness,  3, 
of  the  trapping  layer.  The  measured  capacitance 
versus  frequency,  in  accumulation  at  Fg  =  3  V,  is 
reported  in  Fig.  4.  By  matching  the  calculated  ca¬ 
pacitive  frequency  dispersion  to  measured  data,  the 
following  values  were  obtained: 

iVt^2xlO^®eV■^cm■^  3^  12  A,. 

ko  ^  0.8  X  10®  cm“\  t  ^  2  x  10"^  s. 

These  values  seem  physically  consistent  and 
nearly  comparable  to  those  reported  by  Mui  et  al. 
[11].  The  observed  behavior  can  be  explained  by 
the  fact  that,  as  the  frequency  measurement  de¬ 
creases,  more  traps  can  respond,  and  a  consequence 
the  measured  capacitance  increases  as  the  fre¬ 
quency  decreases.  Thus  tunneling-related  trapping 
becomes  important  in  accumulation,  and  may  be 
responsible  for  the  observed  capacitance  disper¬ 
sion. 
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Fig.  4.  Comparison  of  measured  capacitance  (dots),  and  cal¬ 
culated  capacitance  of  sample  A  (solid  line)  from  Eq.  (15b)  of 
Ref.  [11], 


3.2.  Hysteresis 

3.2.1.  Hysteresis  effects  and  trapped  carriers 
The  hysteresis  may  have  several  physical  origins 
[10,15-17].  Among  these  mechanisms,  there  can  be 


trapping  of  the  electrons  at  the  semiconductor  sur¬ 
face  by  traps  located  in  the  insulator  adjacent  to  the 
semiconductor.  This  problem  has  been  considered 
by  Heiman  and  Warfield  [15].  We  have  performed 
two  types  of  experiments  to  check  this  model  for 
our  structures. 

In  the  first  experiment  the  C-V  characteristics  at 
various  frequencies  have  been  measured.  A  system¬ 
atic  dispersion  of  flat-band  voltages  with  frequency 
has  been  observed.  A  typical  result  for  a  sample 
B  of  the  flat-band  voltage,  Kpg,  versus  frequency  is 
given  in  Fig.  5.  Such  a  result,  Fps  oc  log  co,  is  con¬ 
sistent  with  the  model  of  Heiman  and  Warfield 
which  assumes,  for  the  trap  states,  an  exponential 
distribution  of  time  constants  with  depth  in  the 
insulator. 

In  the  second  experiment,  the  MIS  structure  was 
subjected  to  BTS  cycles  [18,19].  The  results  are 
shown  in  Fig.  6.  All  these  C-V  measurements  at 
1  MHz  have  been  performed  at  77  K.  Curve  1  was 
obtained  without  bias  stress.  For  curve  2,  before  the 
measurements,  the  MIS  structure  was  biased  for 
3  min  at  300  K,  under  Fg  =  5  V,  and  subsequently 
cooled  to  77  K  with  the  bias  still  applied.  This 
procedure  was  repeated  for  15  min  (curve  3),  and 
for  15  min  under  a  negative  bias  of  —  5  V  (curve  4). 
We  note  that  for  curves  2  and  3,  the  shift  is  toward 


Fig.  5.  Flat-band  voltage  shifts  of  a  MIS  structure  (sample  B)  versus  frequency.  The  line  is  drawn  as  a  guide  for  the  eye. 
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Fig.  6.  Effect  of  BTS  measurements:  sample  B  with  bias  stress  starting  at  300  K.  Curve  1,  unstressed;  curve  2,  after  positive  BTS  for 
3  min;  curve  3,  after  positive  BTS  for  15  min;  curve  4,  after  negative  BTS  for  15  min. 


Fig.  7.  Effect  of  BTS  measurements:  sample  B  with  bias  stress  starting  at  400  K.  Curve  1,  positive  BTS  for  15  min,  curve  2,  negative  BTS 
for  15  min. 


positive  gate  bias,  which  is  consistent  with  a  trap¬ 
ped  insulator  charge  or  interface  states,  lying  deep 
in  the  gap,  becoming  more  negative  when  the  stress 
time  increases  at  Kg  =  5  V,  whereas  for  a  negative 
bias  stress,  the  opposite  effect  of  observed. 

3.2.2.  Ion  drift 

The  movement  of  mobile  ions  is  enhanced 
by  elevated  temperatures  and  an  applied  electric 


field  strong  enough  to  cause  the  mobile  ions  to 
drift.  A  typical  set  of  results  (left  going  curves)  for 
the  sample  B  is  shown  in  Fig.  7.  In  this  figure  the 
MIS  structure  was  warmed  up  to  400  K  with  a  gate 
bias  Fg  =  5  V.  The  situation  was  maintained  for 
15  min,  and  then  the  C-V  curve  1  was  measured 
after  the  MIS  structure  had  been  cooled  to  77  K. 
This  procedure  was  repeated  with  a  negative  gate 
bias  Fg  =  —  5  V  (curve  2). 


414 


O.  Baehr  el  al.  /  Journal  of  Non-Cryslalline  Solids  187  (1995)  409-414 


These  experiments  show  that  the  C-V  curve  is 
translated  along  the  voltage  axis  in  a  direction 
consistent  with  positive  ion  motion  in  the  insulator. 
When  the  positive  bias  is  applied  the  resulting 
electric  field  pushes  the  positively  charged  mobile 
ions  toward  the  insulator/semiconductor  interface. 
Therefore,  the  MIS  C-V  plot  shifts  to  the  left 
(curve  1)  in  proportion  to  the  number  of  ions  in¬ 
volved  and  the  distance  they  have  drifted.  To  ob¬ 
tain  the  mobile  ion  concentration  at  400  K,  we  have 
performed  a  second  bias-temperature  measure¬ 
ment  with  a  stress  bias  opposite  to  the  first  one,  in 
order  for  the  ions  to  drift  to  the  other  side  of  the 
insulator.  The  mobile  ion  concentration  is  deter¬ 
mined  at  400  K  by  the  shift  AKps  between  the  two 
curves  [4]: 

iVi=-^AKpB, 

qS 

where  Q  is  the  insulator  capacitance,  q  is  the  elec¬ 
tronic  charge  and  S  is  the  area  of  the  gate  electrode. 
For  sample  B,  a  value  of  Ni  ^  8  x  10^  ^  cm~^  has 
been  found  which  is  very  representative  of  most  of 
our  samples. 


4.  Conclusions 

In  summary,  MIS  structures  formed  by  PECVD 
of  BN  on  InP  exhibit  charge  injection  instability, 
hysteresis  effects  and  anomalous  frequency  disper¬ 
sion.  The  frequency  dispersion  of  the  C-V  curves  in 
accumulation  has  been  attributed  mainly  to  tunnel¬ 
ing  of  electrons  into  trap  states  located  within 
a  very  thin  layer  of  thickness  3  in  the  insulator,  and 
which  are  very  close  in  energy  to  the  conduction 
band.  The  BTS  experiments  at  400K  show  that  the 


behavior  of  the  C-V  curves  (1  MHz)  is  dominated 
by  the  presence  of  mobile  ions,  whereas  at  300  K 
the  measurements  are  consistent  with  a  model  of 
electron  trapping  in  the  insulator. 
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Abstract 

Electroluminescence  was  observed  in  sandwich  structures  composed  of  a  thick  layer  of  plasma-deposited  hydro¬ 
genated  carbon  and  two  metallic  electrodes.  Luminescence  experiments  combined  with  transport  analysis  show  that  the 
light  comes  from  the  radiative  decay  of  electrode  surface  plasmons  excited  by  hot  electrons  produced  in  the  films.  The 
precise  nature  of  the  dielectric  is  unimportant  since  the  emission  process  involves  the  electrode  parameters.  The  optical 
response  is  governed  by  the  nature  and  thickness  of  the  positively  biased  electrode:  (i)  when  a  thick  electrode  is  used,  the 
only  excited  surface  plasmon  mode  is  located  at  the  dielectric-electrode  interface  which  acts  as  a  probe  for  the  low  energy 
end  of  the  electron  energy  distribution  function;  (ii)  when  a  semi-transparent  electrode  is  used,  electrons  with  an  energy  of 
a  few  eV  can  cross  the  metallic  layer.  These  hot  carriers  are  able  to  excite  a  surface  plasmon  mode  located  at  the  outer 
interface.  Depending  on  the  temperature  and  metal  thickness,  hot  carriers  of  different  kinetic  energies  can  excite  this 
surface  plasmon  mode.  The  interface  acts  as  a  probe  for  the  high  energy  end  of  the  electron  energy  distribution  function. 
Detection  of  luminescence  due  to  electrode  surface  plasmon  decay  gives  access  to  carrier  energy  which  is  the  main  aging 
and  breakdown  controlling  factor  of  the  dielectric  layer. 


1.  Introduction 

The  understanding  of  electrical  degradation  (ag¬ 
ing)  and  dielectric  breakdown  of  thin  insulating 
films  is  an  important  task.  Numerous  investiga¬ 
tions  have  been  devoted  to  the  study  of  inorganic 
layer  like  Si02  since  the  reliability  of  MOS  devices 
is  affected  by  the  degradation  of  the  insulator  [1]. 
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The  problem  is  also  important  for  organic  mater¬ 
ials  [2].  Factors  of  electronic  origin  are  the  result  of 
the  interaction  of  excess  non-thermalized  carriers 
with  the  dielectric  material,  which  in  turn  can 
induce  both  thermal  and  higher  energy  chemical 
reactions  [3].  Hot  electrons  have  already  been 
identified  as  a  decisive  factor  in  ultimate  break¬ 
down  [4].  Although  they  have  been  mentioned  to 
lead  to  aging,  there  is  still  little  direct  experimental 
evidence  for  this  phenomenon.  Because  the  elec¬ 
tronic  properties  of  insulators  in  general,  and  of 
polymeric  insulators  in  particular,  are  only  poorly 
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understood,  it  is  difficult  to  approach  the  electron 
energy  distribution  in  the  dielectric.  The  present 
paper  deals  with  high-field  effects  leading  to  aging 
in  amorphous  hydrogenated  carbon  thin  films  (a- 
C:H)  prepared  from  gas  phase  polymerization. 
Electroluminescence  due  to  the  radiative  decay  of 
the  electrode  surface  plasmon  appears  to  be 
a  promising  tool  to  investigate  degradation  of  the 
insulating  layer  since  it  is  a  probe  sensitive  to 
the  existence  of  carriers  with  kinetic  energies  of 
a  few  eV. 


2.  Experimental  details 

The  samples  consist  of  a  three-layer  sandwich 
coating  4x6  mm^.^The  bottom  electrode,  on  glass, 
was  either  a  2000  A  thick  layer  of  transparent  and 
conductive  indium-tin-oxide  (ITO)  made  by  radio¬ 
frequency  sputtering,  or  a  300  A  thick  semi-trans¬ 
parent  evaporated  layer  of  aluminum.  The  organic 
layers  were  prepared  from  plasma  polymerization 
of  methane  or  propane  at  low  pressure  (a  few 
mTorr)  in  a  diode  system.  The  third  layer  was 
a  resistively  evaporated  Al  electrode.  The  experi¬ 
mental  configuration  is  shown  in  Fig.  1.  The  elec¬ 
trode  on  glass  was  positively  biased  relative  to 
the  Al  top  electrode.  Light  was  detected  through 
the  glass  substrate  in  a  direction  normal  to  the 
sample  surface.  A  conventional  photon  counting 
technique  was  used  to  detect  electroluminescence  in 
the  visible  region  (quasi-flat  response  of  the  detec¬ 
tion  system  from  300  to  800  nm). 

The  (a-C :  H)  layers  prepared  by  gas  phase  poly¬ 
merization  have  different  composition  and  electri¬ 
cal  properties  depending  on  the  monomer  and  de¬ 
position  conditions.  Using  methane  as  a  monomer 
and  a  voltage  excitation  frequency  of  20  kHz,  we 
get  (a-C :  H)  films  containing  a  variable  amount  of 
graphite  carbon  mainly  controlled  by  the  power 
density  of  the  discharge  [5].  The  low  field  electrical 
resistivity  of  the  films  is  from  10^^°  to  lO^^'^Q  cm 
as  a  function  of  its  composition.  Using  propane  and 
a  13.56  MHz  frequency  discharge,  we  end  up  with 
a  film  composed  of  dense  hydrocarbon  with  a  very 
small  proportion  of  graphite-carbon-like  structure, 
with  a  low  field  resistivity  of  ?^10^^^Qcm  [6]. 
(a-C:H)  thin  films  are  deposited  on  the  ITO  elec- 
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Fig.  1.  Observation  configuration.  The  relative  thickness  of 
each  layer  is  not  considered  in  the  diagram.  The  amorphous 
hydrogenated  carbon  (a-C:H)  layer  is  prepared  by  glow  dis¬ 
charge  polymerization  of  propane  or  methane. 


trode.  Surface  chemical  reactions  due  to  oxygen 
reduction  of  ITO  by  hydrogen  atoms  present  in  the 
gas  phase  occur  in  the  early  phase  of  film  growth.  It 
leads  to  the  formation  of  a  ^  —  30  A  thick  (In-Sn) 
enriched  layer  at  the  ITO  surface  as  shown  by 
secondary  ion  mass  spectroscopy  analysis  [7].  This 
thin  metallic  layer  changes  the  optical  surface  prop¬ 
erties  of  the  ITO  electrode. 


3.  Combined  electroluminescence  and  transport 
analysis 

Electroluminescence  can  be  excited  in  the 
metal-insulator-metal  (MIM)  structures  by 
application  of  dc,  ac,  and  pulsed  voltages  [8]. 
A  careful  analysis  of  charge  transport  in  the  plasma 
polymerization  layers  has  shown  that  the  current  is 
space  charge  limited.  Depending  on  the  electrical 
properties  of  the  layer,  the  trap  filled  limit  voltage, 
Vtfl  can  be  smeared  out.  But  in  every  case,  the 
light  emission  onset  corresponds  to  a  change  of 
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the  transport  process  denoted  by  an  increase  of  the 
conductivity. 

In  order  to  identify  the  emission  process,  we  have 
tested  two  polymer-like  layers  with  very  different 
electrical  properties.  The  first  type  of  film  has  a  low 
field  resistivity  of  10"^  Q  cm  and  is  composed  of 
dense  hydrocarbon  with  a  very  small  proportion  of 
graphitic-carbon-like  structure.  The  second  type  of 
thin  film  is  composed  of  graphitic  islands  -  roughly 
100  A  in  extension  -  dispersed  in  a  more  insulating 
matrix.  The  low  field  resistivity  is  around 
10^^^  Q  cm.  Two  different  electrode  arrangements 
were  used,  (i)  In  one  case,  the  two  kinds  of  matrix 
were  grown  on  the  ITO  transparent  electrode  and 
a  thick  Al  top  electrode  was  subsequently  depos¬ 
ited.  Light  was  detected  through  the  ITO  layer  and 
the  glass  substrate,  (ii)  In  the  other  case,  they  were 
grown  on  a  thick  Al  electrode  and  a  semi-transpar¬ 
ent  gold  layer  was  deposited  on  top  of  the  struc¬ 
tures.  Light  was  detected  through  the  gold  layer. 
The  external  quantum  luminescence  efficiency  of 
each  structure  was  roughly  estimated  by  dividing 
the  number  of  photons  detected  in  a  direction  nor¬ 
mal  to  the  surface  of  the  device  by  the  number  of 
electrons  flowing  through  the  insulating  film.  The 
interesting  point  is  that  it  only  depends  on  the 
electrode  arrangement  and  not  on  the  dielectric 
matrix.  If  a  matrix  contribution  to  the  emitted  light 
cannot  be  ruled  out,  it  must  be  very  weak.  Further 


experiments  [5]  have  shown  that  electrolumines¬ 
cence  efficiency  is  controlled  by  the  characteristics 
of  the  electrodes,  i.e.  the  nature  and  thickness  of  the 
metallic  layer  and  its  surface  roughness.  A  very 
strong  analogy  exists  between  our  observations 
and  the  emission  from  what  has  been  called  elec¬ 
tron-injector  structures  [9].  In  the  latter  case, 
luminescence  arises  from  radiative  decay  of  plas- 
mons  excited  by  the  hot  electron  current  compon¬ 
ent  on  the  positively  biased  electrode,  with  a  strong 
dependence  of  the  emission  efficiency  on  the  nature 
of  the  metal  electrode.  In  the  following  section,  we 
demonstrate  that  this  emission  process  can  quali¬ 
tatively  account  for  the  experimental  behavior  re¬ 
ported  so  far. 

4.  Emission  process 

Two  surface  plasmon  (SP)  modes  were  of  interest 
in  our  experimental  configuration  (see  Fig.  1) :  one 
was  located  at  the  glass-electrode  interface,  the 
other  at  the  electrode-dielectric  interface.  Both 
were  able  to  radiate,  if  excited,  through  the  residual 
roughness  of  the  interface.  The  relative  excitation 
and  radiative  decay  efficiencies  of  these  two  SP 
modes  determine  their  relative  contribution  to  the 
final  radiative  output  of  the  MIM  structure.  Radi¬ 
ative  coupling  between  SP  and  photons  in  the 


Fig.  2.  Inferred  processes  leading  to  light  emission  in  the  MIM  structures.  Process  1:  hot  electron  scattering  in  the  conduction  band  of 
(a-C :  H)  thin  film;  process  2:  electrons  at  the  conduction  band  edge  with  lower  kinetic  energies;  process  3:  conduction  involving  localized 
states  in  the  forbiden  gap;  process  4:  scattering  of  hot  electrons  injected  into  the  metal;  process  5:  surface  plasmons  to  photons 
conversion  at  the  inner  interface;  process  6:  surface  plasmons  to  photons  conversion  at  the  outer  interface. 
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visible  range  is  straightforward  in  the  case  of  alumi¬ 
num  since  the  theoretical  limiting  wavelength  of 
surface  plasmon  excitation  is  around  1200  A  for 
this  metal  [10].  Due  to  the  optical  properties  of 
ITO  (the  real  part  of  the  dielectric  constant  is 
positive  in  the  visible),  SP  cannot  radiate  into  the 
visible  part  of  the  spectrum  [11].  The  formation  of 
a  thin  (In-Sn)  layer  with  metallic  properties  at  the 
ITO  surface  in  the  early  phase  of  film  growth  ac¬ 
counts  for  a  shifts  of  the  limiting  wavelength  of  SP 
to  the  visible  region.  The  temperature  dependence 
of  the  light  efficiency  was  studied  for  both  struc¬ 
tures  (same  dielectric  layer)  in  the  temperature 
range  between  —  185°C  and  O^'C.  It  stays  constant 
for  structure  1  through  the  whole  temperature 
range  whereas  it  sharply  decreased  for  structure 
2  from  about  —  80°C  up  to  room  temperature. 
From  this  behavior,  it  is  possible  to  evaluate  the 
contribution  of  each  SP  mode  to  the  radiative  out¬ 
put  of  the  structure  along  the  following  lines. 

The  electron  energy  distribution  at  the  interface 
between  the  insulator  and  the  positively  biased 
electrode  is  certainly  not  monochromatic.  The 
existence  of  traps  in  the  dielectric  and  the  scattering 
process  in  the  conduction  band  of  the  insulator 
lead  to  a  broad  distribution  from  about  the  con¬ 
duction  band  minimum  minus  the  Fermi  level  of 
the  metal,  —  E^)  up  to  a  few  eV.  The  hot  conduc¬ 
tion  electrons  injected  into  the  metal  at  the  insula- 
tor-^electrode  interface  (process  1,  Fig.  2)  can  excite 
the  outer  SP  mode  of  the  metallic  electrode  (process 
6,  Fig.  2)  if  it  is  sufficiently  thin  to  prevent  a  com¬ 
plete  relaxation  of  the  electron  distribution  in  the 
bulk  of  the  metal  (process  4,^Fig.  2).  In  structure  1, 
the  ITO  electrode  was  2000  A  thick,  which  appears 
too  thick  to  allow  electrons  to  reach  the  outer 
surface  taking  into  account  the  typical  value  of  the 
ballistic  mean  free  path  of  hot  electrons  in  metals. 
Moreover,  coupling  between  SP  and  visible  photo¬ 
ns  would  have  not  been  possible  at  this  interface 
due  to  the  optical  properties  of  ITO  as  previously 
reported.  In  structure  2,  however,  the  Al  thickness 
is  comparable  to  the  electron  mean  free  path.  Elec¬ 
tron-photon  scattering  is  temperature  dependent 
due  to  freezing  of  the  metal  phonons.  A  decreasing 
temperature  increases  the  light  efficiency  by  allow¬ 
ing  more  electrons  to  reach  the  out  metal  surface. 
This  was  indeed  observed.  It  appears  therefore  that 


the  light  from  structure  1  was  just  due  to  the 
radiative  decay  of  SP  at  the  inner  ITO-dielectric 
interface  (process  5,  Fig.  2).  In  structure  2,  it  was 
dominated  by  SP  modes  localized  at  the  outer 
Al-glass  interface  (process  6,  Fig.  2). 

The  low  energy  tail  of  the  electron  energy  distri¬ 
bution  provides  conditions  for  SP  generation  at  the 
inner  interface  of  the  positively  biased  electrode 
whereas  electrons  of  higher  energies  are  injected 
into  the  metal.  If  we  consider  that  they  are  relaxed 
after  a  few  scattering  processes,  most  of  the  elec¬ 
trons  are  lost  in  the  bulk  ITO.  On  the  contrary, 
they  can  excite  SP  at  the  outer  surface  of  the  thin  Al 
electrode.  If  this  picture  is  correct,  the  inner  inter¬ 
face  of  the  positively  biased  electrode  must  be 
a  probe  for  the  low  energy  tail  of  the  electron 
energy  distribution  whereas  the  outer  metal  surface 
must  probe  the  high  energy  tail. 

A  study  of  the  current  dependence  of  the  spectra 
confirms  this  view.  For  structure  1,  the  light  spec¬ 
trum  does  not  change  with  the  current  or  the  tem¬ 
perature.  This  is  consistent  with  a  picture  involving 
coupling  between  SP  and  the  low  energy  tail  of  the 
electron  energy  distribution  at  the  dielectric~ITO 
interface.  Generation  of  plasmons  is  only  due  to 
electrons  with  virtually  no  kinetic  energies,  i.e. 
those  electrons  located  at  the  bottom  of  the  con¬ 
duction  band  with  energy  ^  {E^  —  E{).  Electrons 


Fig.  3.  Temperature  dependence  of  the  emission  spectra  for 
structure  2  {current  is  5  pA). 
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with  higher  energies  enter  the  metal  and  relax  in  the 
bulk  ITO  by  phonon  emission.  The  spectrum  de¬ 
pendence  on  current  for  structure  2  is  shown  in 
Fig.  3.  The  shift  towards  the  blue  region  with  an 
increasing  current  can  reasonably  be  attributed  to 
a  contribution  of  electrons  with  higher  energies  to 
the  excitation  of  SP.  Similarly,  we  observed  a  blue 
shift  of  the  emission  spectrum  with  decreasing  tem¬ 
perature  (under  constant  excitation  current). 


5.  Conclusion 

Light  emission  from  metal-insulator-metal 
structures  composed  of  a  thick  organic  layer  and 
two  metallic  electrodes  is  reported.  The 
space-charge  limited  conduction  current  provides 
excitation  conditions  of  surface  plasmons  at  the 
positively  biased  electrode  surface  above  the  trap- 
filled  limit  voltage.  Coupling  to  the  radiation  field 
occurs  through  the  surface  roughness.  Surface  plas¬ 
mons  can  only  be  created  on  one  surface  of  a  thick 
collecting  electrode.  It  behaves  like  a  probe  for  the 
low  energy  tail  of  the  electron  energy  distribution 
function.  When  a  semi-transparent  electrode  is 
used,  both  surfaces  can  contribute  to  the  light  out¬ 
put.  The  relative  contribution  of  the  two  surface 
plasmon  modes  can  be  investigated  by  studying  the 


temperature  dependence  of  the  light  efficiency  and 
of  the  spectral  shape.  The  outer  surface  of  the 
metallic  electrode  is  a  probe  for  electrons  with 
higher  energies.  This  can  be  of  great  interest  for  the 
understanding  of  dielectric  breakdown  and  electri¬ 
cal  aging  of  the  insulating  layer. 
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Abstract 

The  correlation  between  the  electrochromic  properties  and  the  structure  rearrangements  of  amorphous  WO3  films 
induced  by  the  storage  in  aqueous  electrolyte  used  in  electrochromic  cells  has  been  established.  Water  penetration  into 
the  amorphous  WO3  framework  from  electrolyte  and  formation  of  crystalline  hydrates  W03-n(H20)  lead  to  the  decrease 
of  electrochromic  efficiency  in  the  visible  spectral  range  due  to  the  strong  red  shift  of  electrochromic  absorption  band  of 
formed  hydrates.  The  different  electron  transfer  energy  responsible  for  coloration  of  W03-2(H20)  and  W03-y{H20)  is 
caused  by  various  degrees  of  ordering  of  these  hydrates. 


1.  Introduction 

Amorphous  tungsten  trioxide  (a-W03)  films 
have  been  the  subject  of  many  experimental  and 
theoretical  studies  due  to  their  possible  application 
in  electrochromic  (EC)  devices  such  as  passive  high 
contrast  displays  with  wide  view  angles,  light 
modulators,  ‘smart’  windows,  etc.  [1,2].  In  spite  of 
numerous  investigations  of  WO3  films,  such  dis¬ 
plays  are  not  commercially  available  yet.  The  main 
problem  lays  in  short  device  lifetime  due  to  the  fast 
film  degradation. 

It  is  now  well  known  that  EC  coloration  of  WO3 
films  owes  to  a  double  injection  of  electrons  and 
protons  (or  cations).  The  coloration  is  reached  by 
polarizing  WO3  film  in  an  electrolytic  medium. 
Reverse  polarization  causes  the  bleaching  to  the 
original  colorless  state. 


*  Corresponding  author.  Tel:  +  380-44265  9831.  Telefax: 
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Several  models  of  EC  coloration  have  been  pro¬ 
posed  up  to  date.  Deb  [3]  was  the  first  one  to 
suggest  the  formation  of  F  centers  in  reduced  tung¬ 
sten  trioxide:  oxygen  vacancies  with  a  trapped  elec¬ 
tron.  Model  of  intervalence  charge  transfer  of 
Faughnan  et  al.  [4]  supposes  that  the  injected  elec¬ 
tron  is  trapped  at  a  site  adjacent  to  a  proton 
thus  forming  a  color  center.  Light  absorption 
occurs  due  to  charge  transfer  between  two  neigh¬ 
boring  tungsten  sites  Injected  pro¬ 

tons  compensate  for  the  negative  charge  of  injected 
electrons.  Schrimer  et  al.  [5]  have  suggested  that 
injected  electrons  are  localized  on  sites  pertur¬ 
bing  the  surrounding  lattice  and  forming  small 
polarons.  The  underlying  physics  of  this  model  is 
similar  to  the  last  one.  Dautremont-Smith  et  al.  [6] 
have  explained  the  light  absorption  by  conduction 
electron  interband  transitions  and  by  transitions 
between  the  cation  band  and  the  WO3  conduction 
band.  The  models  of  intervalence  charge  transfer 
and  small  polaron  are  the  most  widely  accepted. 

The  EC  properties  of  a-W03  films  are  consider¬ 
ably  affected  by  the  deposition  methods.  Numerous 
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studies  [7-14]  have  confirmed  that  water  content 
in  the  films  plays  an  important  role  in  EC  coloration. 
The  states  of  water  in  the  WO3  film  may  be  classi¬ 
fied  into  three  groups:  physisorbed  water, 
chemisorbed  water,  known  as  Bronsted  acid  site, 
and  hydrated  water  having  a  crystal  structure  [7]. 
The  a-WOs  films  stored  in  high  humidity  air  were 
studied  in  [7-9].  The  water  absorbed  from  atmo¬ 
sphere  (approximately  0.3  water  molecule  per  WO3 
unit)  results  in  fast  cathodic  and  anodic  reactions. 
On  the  other  hand,  absorbed  water  reacts  gradually 
with  WO3  by  hydroxylation  and/or  hydrolysis. 
A  hydroxylated  film  has  a  negative  shift  in  the 
potential  of  the  cathodic  reaction  [8].  Then  hy¬ 
droxylated  film  loses  the  EC  coloration  density  at 
the  same  applied  voltage  as  before.  The  change  of 
electrochromic  efficiency  of  WO3  films  depends  on 
the  charge-transfer  process  in  the  film  which  in  its 
turn  depends  on  water  states. 

By  contrast  with  extensive  studies  understanding 
the  relationship  between  the  EC  properties  and  the 
water  state  in  the  WO3  films,  little  is  known  about 
the  property  changes  of  WO3  films,  induced  by  the 
W03/electrolyte  interface  [12,14-16].  Aqueous 
solution  of  H2SO4  is  an  electrolyte  that  is  widely 
used  in  EC  cells  and  in  which  the  fast  coloration 
due  to  high  proton  mobility  was  observed. 

It  is  now  known  [12]  that  chemical  stability  of 
a-W03  in  aqueous  electrolytes  is  far  from  perfect 
and  EC  properties  are  gradually  lost  during  the 
storage  in  electrolyte  owing  to  the  dissolution  and 
physical  erosion.  But  very  fast  loss  of  electroch¬ 
romic  efficiency  in  electrolyte  (50  h)  and  slow  dis¬ 
solution  rate  (4  nm/day)  testifies  that  additional 
degradation  mechanisms  have  to  exist.  In  our  pre¬ 
vious  works  [15,16]  we  have  found  that  the  storage 
in  sulfuric  acid  electrolyte  results  in  a-W03  trans¬ 
formation  into  tungsten  trioxide  crystalline  hy¬ 
drates  W03-n(H20). 

In  this  paper,  we  study  the  correlation  between 
EC  properties  and  structure  changes  in  a-W03  in¬ 
duced  by  the  existence  of  film/electrolyte  interface. 


2.  Experimental  procedures 

Amorphous  WO3  films  about  0.5  pm  thick  were 
deposited  by  thermal  evaporation  from  a  tantalum 


boat  in  vacuum  of  0.1  Pa  on  glass  coated  with 
Sn02  layer  with  different  deposition  rates  of  0.5 
and  5  nm/s.  The  film  thickness  was  determined  by 
quartz  microbalance  during  deposition.  The  sub¬ 
strate  temperature  was  100-120''C.  Deposited  films 
were  confirmed  to  be  amorphous  by  electron  dif¬ 
fraction. 

To  study  the  influence  of  electrolytic  medium, 
the  evaporated  films  were  stored  in  1%  H2SO4  for 
50  h  at  room  temperature.  As  we  have  shown 
earlier  [15,16]  initial  a-W03  films  are  transformed 
into  tungsten  trioxide  crystalline  hydrates 
W03-n(H20)  during  storage  in  electrolyte  for  this 
time.  The  water  molecules  penetrate  into  the  film 
forming  hydrated  water  in  crystalline  hydrate 
W03-2(H20)  and  W03-i(H20).  The  type  of  cry¬ 
stalline  hydrates  depends  on  the  deposition  rate, 
which  in  turn  determines  pore  sizes  in  initial  films. 
We  have  obtained  W03*2(H20)  from  a-W03  films 
deposited  with  slow  rate  (0.5  nm/s)  and 
W03*3(H20)  -  with  fast  rate  (5  nm/s). 

Cyclic  voltammetry  measurements  were  carried 
out  in  the  three-electrode  electrochemical  cell  with 
1%  H2SO4  electrolyte.  The  working  electrode  was 
a-W03  film  on  conducting  substrate.  A  Pt  plate 
was  used  as  the  counter  electrode.  The  reference 
electrode  was  a  saturated  calomel  electrode  (SCE). 
Potential  scan  rate  was  30  mV/s.  A  voltage  ±  1  V 
was  applied  between  the  Sn02  and  the  counter 
electrodes. 

Optical  data  have  been  obtained  by  automatic 
spectrometer  KSVU-12  in  the  range  of 
200-1300  nm  in  electrochemical  cell  for  colored 
and  bleached  films. 


3.  Results 

Cyclic  voltammograms  of  as-deposited  a-W03 
films  (solid  curve  1)  and  stored  films  of 
W03-i(H20)  (dashed  curve  2)  and  W03-2(H20) 
(solid  curve  3)  are  shown  in  Fig.  1.  The  cathodic 
current  is  associated  with  the  coloration  process 
and  the  anodic  one  is  associated  with  bleaching 
process.  Fig.  1  shows  that  for  crystallized  films, 
cathodic  and  anodic  currents  decrease.  Coloration 
and  bleaching  become  slower.  The  peak  potentials 
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Fig.  1.  Cyclic  voltammograms  at  30  mV/s  scan  rate  in 
1%  H2SO4  electrolyte  of  a-W03  films  (solid  curve  1)  and 
films  transformed  with  storage  in  electrolyte  during  50  h: 
W03'2  (H2O)  (dashed  curve  2)  and  W03*3  (H2O)  (solid  curve  3). 


Fig.  2.  Optical  transmission  spectra  of  electrochemical  colored 
and  bleached  a-W03  film  (curves  1)  and  crystalline  hydrates 
W03-3  (H2O)  (curves  2)  and  W03-2(H20)  (curves  3).  The 
dashed  and  solid  curves  represent  the  bleached  and  colored 
states,  respectively. 


of  anodic  and  cathodic  current  are  strongly  shifted 
to  the  negative  side. 

Fig.  2  shows  the  optical  transmission  spectra  of 
as-deposited  a-W03  films  (curves  1)  and  crystalline 


hydrate  films  W03’3(H20)  (curves  2)  and 
W03'2(H20)  (curves  3)  in  colored  and  bleached 
states.  The  dashed  and  solid  curves  represent  the 
bleached  and  colored  states,  respectively.  The  red 
shift  of  the  absorption  band  in  colored  state  has 
been  observed  for  crystalline  hydrates  in  compari¬ 
son  with  a-W03  films.  The  absorption  band  max¬ 
imum  in  the  spectrum  of  W03-3(H20)  is  located  at 
l.l  eV,  in  spectrum  of  W03'2(H20)  -  at  1.0  eV  and 
for  a-W03  -  at  1. 3-1.4  eV. 


4.  Discussion 

Cyclic  voltammograms  (Fig.  1)  show  that  both 
the  anodic  and  cathodic  reactions  become  slower 
with  formation  of  crystalline  hydrates.  Since  the 
crystalline  structure  is  more  dense  than  the 
amorphous,  the  crystallization  may  hamper  the 
proton  diffusion. 

As  shown  by  optical  data  (Fig.  2),  the  crystalline 
hydrates  are  EC  materials  but  the  absorption 
bands  induced  by  EC  coloration  are  strongly  shif¬ 
ted  to  the  red  spectral  range.  The  absorption  band 
maxima  are  peaked  in  near  infrared  range.  The  EC 
efficiency  (a  ratio  of  induced  optical  density  to  the 
injected  charge)  or  the  crystalline  hydrates  is  about 
80  cm  VC  at  maximum  of  induced  absorption  band. 
Thus,  the  crystalline  hydrates  can  be  used  as  EC 
materials  for  application  in  near  infrared  range 
taking  into  consideration  their  high  stability  in 
electrolytes. 

The  decrease  in  EC  efficiency  of  a-W03  in  visible 
spectral  range  with  the  storage  in  electrolyte  is 
caused  by  strong  red  shift  of  induced  absorption 
band  of  the  crystalline  hydrates. 

The  different  red  shift  of  absorption  maxima  for 
W03*2(H20)  and  W03*3(H20)  can  be  explained 
in  terms  of  small  polaron  model. 

It  is  known  that  EC  absorption  band  arises  ow¬ 
ing  to  the  intervalence  charge  transfer  between 
and  sites.  The  electron  transfer  energy 
depends  on  the  film  structure,  local  surrounding  of 
^  optical  centers  and  lattice  disorder.  The  differ¬ 
ent  red  shift  of  EC  band  for  hydrates  W03-2(H20) 
and  W03'3(H20)  seems  to  be  due  to  unequal  elec¬ 
tron  transition  energy  in  these  hydrates. 
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The  structure  of  crystalline  hydrates  WOs* 
2(H20)  is  formed  by  identical  tungsten-oxygen  oc- 
tahedra.  These  octahedra  contain  a  coordinated 
water  molecule  and  an  opposite  terminal  oxygen 
ion  W  =  O.  The  octahedra  share  a  corner  with 
each  of  four  neighboring  octahedra  within  the  layer 
(in  a-b  octahedron  plane).  The  second  water  mol¬ 
ecule  forms  hydrogen  bond  between  layers  [17]. 

There  are  two  types  of  tungsten-oxygen  octahed¬ 
ron  in  the  crystalline  hydrates  W03*^(H20).  The 
first  ones  are  the  same  as  in  the  W03-2(H20)  and 
the  second  ones  are  WOe  octahedra  which  share 
six  oxygen  atoms  [18].  The  existence  of  two  kinds 
of  tungsten-oxygen  octahedra  brings  about  the  un¬ 
equal  static  deformation  energy  of  sites  in  the 
crystalline  hydrates  W03-3(H20). 

The  energy  of  electron  transfer  liable  for  colora¬ 
tion  consists  of  two  terms.  The  first  one  is  deter¬ 
mined  by  energy  lowering  of  electrons  trapped  at 
sites  because  of  the  lattice  polarization  and 
the  formation  of  small  polarons.  The  second  one  is 
attributed  to  different  initial  potential  energy  of 
electrons  localized  at  non-equivalent  sites 

with  different  local  surroundings.  The  greater  the 
disorder  the  greater  the  second  term.  Therefore,  the 
electron  transfer  energy  in  disordered  a-W03  film 
is  maximal  (1. 3-1.4  eV).  Crystallization  results  in 
equivalence  of  ^  sites  and  lowering  of  electron 
transfer  energy  (1.0  eV  for  W03*2(H20)  and  1.1  eV 
for  W03‘i(H20)). 

The  different  red  shift  of  the  EC  absorption  band 
of  the  crystalline  hydrates  W03-2(H20)  and 
W03‘3(H20)  is  due  to  the  existence  of  the  tung¬ 
sten-oxygen  octahedra  of  one  kind  in  W03'2(H20) 
and  of  two  kinds  in  W03*^(H20).  The  energy 
equivalence  of  sites  in  W03-2(H20)  results  in 
that  the  electron  transfer  energy  is  determined  only 
by  lattice  polarization,  that  is  by  a  polaron  term.  In 
case  of  W03*^(H20)  the  existence  of  two  kinds  of 
tungsten-oxygen  octahedron  gives  an  additional 
term  in  transfer  energy  due  to  unequal  energy  of 
static  deformation  of  ^  sites  belonging  to  tung¬ 
sten-oxygen  octahedra  of  different  kinds. 

For  display  applications  the  crystallization  of 
a-W03  films  is  an  undesirable  phenomenon.  The 
amorphous  nature  of  the  film  is  necessary  for  a  high 
coloration  efficiency  in  visible  range.  To  prevent 
crystallization  the  protect  layer  deposition  was 


used.  In  the  same  vacuum  cycle,  WO3  films  are 
covered  by  SiOx  thin  film  (20-30  nm).  Such  SiOx 
film  does  not  change  the  coloration  efficiency  and 
entirely  prevents  the  crystallization  of  a-W03  dur¬ 
ing  the  time  up  to  six  months  of  storage  in  electro¬ 
lyte. 


5.  Conclusions 

The  a-W03  film/aqueous  electrolyte  interface 
causes  the  transformation  of  initial  amorphous 
structure  to  the  crystalline  state.  Water  molecules 
penetrate  into  amorphous  WO3  framework  and 
form  crystalline  hydrates  W03-n(H20).  The  de¬ 
crease  in  EC  efficiency  of  a-W03  in  the  visible 
spectral  range  with  storage  in  electrolyte  is  due  to 
red  shift  of  induced  absorption  band  of  the  crystal¬ 
line  hydrates.  The  different  electron  transfer  energy 
liable  for  coloration  of  W03-2(H20)  and 
W03'i(H20)  films  is  caused  by  various  degrees  of 
ordering  of  these  hydrates.  Taking  into  account 
high  stability  in  electrolytes,  and  high  EC  efficiency 
of  the  crystalline  hydrates,  they  can  be  used  for 
applications  in  near  IR  range.  The  coloration  and 
bleaching  reactions  in  hydrates  are  reduced  due  to 
a  dense  structure  which  hampers  proton  diffusion. 

The  author  is  grateful  to  Dr  V.I.  Styopkin  for 
many  helpful  discussions  and  Mr  V.B.  Nechitayilo 
for  expert  technical  assistance. 
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Section  13.  High  e  materials  and  ferroelectrics 
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Abstract 

Tantalum  pentoxide  thin  films  were  grown  by  a  low  pressure  chemical  vapour  deposition  process  using  a  metal- 
organic  tantalum  precursor  material.  After  characterizing  the  deposition  process,  the  stoichiometry,  structure  and 
electrical  properties  of  the  tantalum  oxide  thin  films  were  investigated  before  and  after  annealing  in  oxygen  and  nitrogen 
at  various  temperatures.  At  annealing  temperatures  higher  than  700°C,  the  as-deposited  amorphous  film  becomes 
polycrystalline.  Refractive  index,  dielectric  permittivity  and  leakage  current  behaviour  are  improved  by  this  phase 
transition. 


1.  Introduction 

On  account  of  their  high  permittivity  of  about 
e  =  25  [1],  tantalum  pentoxide  films  have  attracted 
much  interest  due  to  their  potential  applications  as 
dielectric  films  for  storage  capacitors  of  memory 
cells  and  gate  insulators  in  field  effect  transistors  for 
future  ultra  large  scale  integrated  circuits  beyond 
the  64  Mbit  device  generation.  Further,  ion  sen¬ 
sitive  field  effect  transistors  with  a  tantalum 
pentoxide  gate  dielectric  layer  have  proven  to  be 
superior  to  those  with  silicon  oxide  and  nitride 
thin  films  [2], 

In  this  paper,  we  deal  with  low  pressure  (LP) 
metal-organic  chemical  vapour  deposition 
(MOCVD)  of  tantalum  pentoxide  (Ta205)  carried 
out  in  a  newly  developed  hotwall-type  vertical 
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reactor,  and  with  the  structural,  optical  and  electri¬ 
cal  properties  of  these  films. 


2.  Experimental 

Tantalum  pentoxide  (Ta205)  films  were  depos¬ 
ited  on  wet  chemically  cleaned  n-doped,  100 
oriented,  3"  silicon  wafers  in  a  low  pressure  vertical 
hot  wall  reactor  using  tantalum  ethylate 
(Ta(OC2H5)5)  as  the  metal-organic  (MO)  precursor 
material  of  99.99%  purity.  Oxygen  was  added  to 
the  process  gas  atmosphere  in  order  to  minimize 
oxygen  deficiency  in  the  Ta205  films.  Further  de¬ 
tails  and  a  schematic  cross-section  of  the  used 
MOLPCVD  equipment  have  been  published  else¬ 
where  [3]. 

After  deposition,  annealing  treatments  were  per¬ 
formed  in  nitrogen  and  oxygen  at  temperatures 
ranging  from  500  to  900°C-  Stoichiometric  and 
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Structural  data  on  the  layers  were  obtained  by 
ellipsometry,  secondary-neutral  mass  spectroscopy 
(SNMS),  X-ray  photoelectron  spectroscopy  (XPS), 
Rutherford  backscattering  spectroscopy  (RBS), 
X-ray  diffraction  (XRD)  and  high  resolution  trans¬ 
mission  electron  spectroscopy  (HRTEM). 

For  electrical  characterization,  MIS  capacitors 
were  fabricated.  High  frequency  capacitance-volt¬ 
age  {C-V)  and  current-voltage  (I-V)  measure¬ 
ments  were  carried  out  in  order  to  determine  the 
permittivity  and  the  insulating  properties  of  the 
films,  respectively. 


3.  Results 

3.L  The  deposition  process 

Deposition  rate  and  homogeneity  across  the  wa¬ 
fer  were  monitored,  as  a  function  of  temperature, 
pressure,  oxygen  flow  and  tantalum  ethylate  flow. 
For  an  optimized  tantalum  oxide  deposition  pro¬ 
cess,  the  following  parameters  were  determined: 
deposition  temperature  400-425°C;  deposition 
pressure  33-60  Pa;  tantalum  ethylate  flow 
200-600  mg/h;  oxygen  flow  100-200  seem.  Depos¬ 
ition  rates  between  2.8  and  6.1  nm/min  were  ob¬ 
tained  with  a  homogeneity  across  the  wafer  better 
than  4.3%.  Depletion  of  the  process  gas  across  the 
boat  could  be  compensated  by  adjusting  a  positive 
temperature  gradient  across  the  deposition  zone, 
which  is  about  zero  at  a  deposition  temperature  of 
T  ==  375°C  and  increases  up  to  5  K/cm  at 
T  =  500°C.  The  activation  energy  of  the  deposition 
process  was  determined  to  be  Fa  =  0.8  eV  in  the 
temperature  range  between  375  and  500°C. 

3.2.  Composition  and  structure 

The  stoichiometry  of  the  tantalum  oxide  films 
was  investigated  by  SNMS  and  XPS  analyses. 
Fig.  1  shows  a  SNMS  depth  profile  of  the  masses 
Ta  (181),  O  (16)  and  Si  (28)  of  a  layer  of  thickness 
75  nm.  As  can  be  seen  from  the  figure,  the  layer 
composition  is  homogeneous  across  the  depth  with 
an  abrupt  interface  corresponding  to  the  bulk  sili¬ 
con.  The  atomic  ratio  of  Ta  to  O  was  determined  to 
be  2:5  for  both  the  as-deposited  and  the  annealed 


samples.  XPS  combined  with  sputtering  by  an  Ar 
beam  of  3  keV  confirmed  the  SNMS  results. 

Due  to  the  metalorganic  precursor  material  (tan¬ 
talum  ethylate),  carbon  and  hydrogen  atoms  were 
incorporated  into  the  Ta205  film.  The  contents  of 
amorphous  and  polycrystalline  (annealed  at 
in  oxygen)  tantalum  oxide  films  were  determined 
by  secondary  ion  mass  spectroscopy  (SIMS).  The 
concentration  of  carbon  and  hydrogen  were  asser- 
tained  to  be  1.9  and  0.7  at.%,  respectively,  for  the 
as-deposited  film  and  1.7  and  1.2%,  respectively, 
for  the  annealed  sample.  The  carbon  content  of  our 
films  was  almost  unchanged  by  annealing  in  con¬ 
tradiction  to  the  results  reported  by  Shinriki  and 
Nakata  [4]  who  observed  a  decrease  by  an  order  of 
magnitude.  The  change  in  the  hydrogen  content  is 
within  the  limit  of  accuracy  of  the  applied  measure¬ 
ment  method. 

The  crystal  structure  of  the  as-grown  films  and 
the  films  annealed  in  oxygen  for  30  min  at  temper¬ 
atures  ranging  from  500  to  900°C  was  investigated 
by  XRD  (Cu  K^,  X  =  0.15406  nm). 

While  the  as-grown  samples  and  those  annealed 
at  500,  600  and  700°C  showed  no  peaks  in  the  XRD 
pattern  related  to  the  presence  or  formation  of 
a  crystalline  phase,  the  samples  annealed  at  800  and 
900°C  exhibited  a  polycrsytalline  structure.  The 
temperature  of  the  phase  transition,  therefore,  is 
between  700  and  800°C.  Fig.  2  shows  the  X-ray 
intensity  vs.  the  diffraction  angle  20  of  a  the  sample 
annealed  at  900°C.  Included  in  the  figure  are  the 
peaks  of  polycrystalline  bulk  material  of  the  low 
temperature  crystalline  phase  P-Ta205  [5].  From 
the  comparison  with  the  reference  spectrum,  it  can 
be  seen  that  the  measured  spectrum  is  identical 
with  the  exception  of  certain  peaks  in  crystal  direc¬ 
tions,  such  as  [1,11,0],  [1,11,1]  and  [0,22,0]. 

3.3.  Optical  properties 

Fig.  3  shows  the  refractive  index,  Hgff,  versus  the 
ellipsometrically  determined  thickness,  d,  of  a  thin 
as-grown  film  and  a  film  annealed  at  900''C.  An¬ 
nealing  at  900°C  in  oxygen  increases  the  thickness 
of  the  thin  silicon  oxide  layer  below  the  Ta205  film 
from  1.5  nm  for  the  as-grown  film  up  to  4  nm.  The 
thickness  dependence  of  the  refractive  index,  there¬ 
fore,  is  due  to  this  stack  of  the  dielectric  films  Si02 
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and  Ta205.  The  solid  lines  included  in  the  figure 
are  theoretical  calculations  of  the  refractive  index  of 
the  layer  stack  using  the  formula 

—  1  _  nj  —  \  dj  rij—l 

-}-  1  d^  -\~  dj  “h  1  d^  d'Y  yij  T  1 

where  n  is  refractive  index,  d  is  film  thickness,  and 
S  and  T  indicate  silicon  oxide  and  tantalum  oxide, 
respectively. 

For  the  as-grown  and  annealed  tantalum  oxide 
films,  values  of  the  refraction  index  of  rij  =  2.22  and 
rij  =  2.38,  respectively,  were  used.  The  optical  band 
gap,  £g,  of  the  tantalum  oxide  films  was  investi¬ 
gated  by  absorption  spectroscopy.  For  the 
amorphous  films  £g  =  4.4  eV,  while  for  annealed 
polycrystalline  films  a  value  of  £g  =  4.2  eV  was 
determined. 

3.4.  Electrical  properties 

By  using  the  capacitance  value  in  accumulation 
of  1  MHz  capacitance/voltage  measurements,  the 
permittivity  of  the  films  was  determined.  Fig.  4 
shows  the  thickness  dependence  of  the  dielectric 
permittivity,  £,  before  and  after  the  annealing  treat¬ 
ment  in  oxygen  ambient.  For  film  thickness  values 
exceeding  60  nm,  the  experimental  ^  values  are  very 
well  fitted  by  a  two-layer  model  assuming  a  serial 
connection  of  two  capacitors  with  the  dielectrics 


temperature  T  (°C) 


Fig.  5.  Leakage  current  density,;,  vs.  annealing  temperature. 


Si02  and  Ta205  [6]  because  a  thin  Si02  layer 
grows  at  the  interface.  Although  the  intrinsic  per¬ 
mittivity  of  polycrystalline  Ta205  films  was  re¬ 
ported  to  be  about  £  =  25  [7],  values  up  to  £  =  32 
were  measured. 

The  density  of  the  leakage  current  of  as-grown 
Ta205  films  is  rather  high  by  comparison  with 
silicon  oxide.  In  order  to  reduce  it,  a  post-depos¬ 
ition  annealing  step  is  necessary.  Fig.  5  shows  the 
leakage  current  density  at  an  applied  field  of 
1  MV/cm  vs.  the  temperature  for  films  of  thickness 
25  nm  annealed  in  oxygen  and  nitrogen  ambient. 
As  can  be  seen  in  the  figure,  annealing  in  oxygen  is 
superior  to  that  in  nitrogen. 


4.  Discussion 

As  the  deposition  process  temperature  ranges 
between  375  and  500°C,  the  process  is  well  suited  to 
ultra  large  scale  integrated  devices  due  to  its  very 
low  thermal  budget.  The  reference  XRD  pattern  of 
the  low  temperature  phase  crystalline  |3-Ta205  co¬ 
incides  with  the  measured  spectrum  of  the  annealed 
films  with  the  exception  of  certain  peaks. 

This  effect  derives  from  the  textured  polycrystal¬ 
line  film  with  an  orthorhombic  structure.  The  lon¬ 
gest  axis  of  the  unit  cell  is  preferentially  oriented 
perpendicular  to  the  surface.  Since  in  this  direction, 
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the  material  is  easier  to  polarize,  higher  values  of 
the  permittivity  are  possible  compared  with  the 
random  oriented  case.  In  deviation  from  values  of 
the  intrinsic  dielectric  constant  of  6  =  25  published 
in  the  literature  [7],  e-values  up  to  32  were  meas¬ 
ured.  This  effect  is  due  to  the  texture  of  the  aniso¬ 
tropic  crystal  structure  -  as  outlined  above  -  which 
grows  out  of  the  amorphous  Ta205  film  at  anneal¬ 
ing  temperatures  >  700°C.  Post  deposition  an¬ 
nealing  in  oxygen  is  superior  to  that  in  nitrogen. 
This  is  due  to  three  phenomena  reducing  the  leak¬ 
age  current  level:  (i)  the  completing  of  oxygen  va¬ 
cancies  in  the  Ta205  network,  (ii)  the  densification 
and  crystallization  of  the  structure,  and  (iii)  the 
growth  of  a  thin  interfacial  Si02  layer  between  the 
silicon  substrate  and  the  Ta205  film.  Topic  (ii) 
is  also  valid  for  nitrogen  annealing.  Leakage  cur¬ 
rent  values  below  10-5  A/cm^  can  be  achieved 
allowing  the  application  of  the  films  to  electronic 
devices. 


5.  Conclusions 

In  this  paper  we  have  studied  the  low  pres¬ 
sure  chemical  vapour  deposition  process  of  high 


dielectric  constant  tantalum  oxide  thin  films  using 
a  metal  organic  precursor  material.  The  as-grown 
films  revealed  to  be  amorphous  of  stoichiometric 
composition  Ta205.  Annealing  at  temperatures  be¬ 
yond  700''C  results  in  textured  polycrystalline 
Ta205  films  with  a  orthorhombic  structure.  A  thin 
interfacial  silicon  oxide  layer  is  lying  beneath  the 
tantalum  oxide  films  influencing  refractive  index 
and  dielectric  permittivity  of  the  dielectric  film. 
Annealing  in  oxygen  lowers  the  leakage  current  by 
several  orders  of  magnitude. 
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Abstract 

Thin  Ti02  films  were  grown  with  a  new  solid  titanium  pyrazolylborate  precursor  by  thermal  metal  organic  chemical 
vapour  deposition  (MOCVD)  in  a  temperature  range  of  300-800X.  Previous  differential  thermal  ana- 
lysis/thermogravimetric  measurements  have  shown  that  this  precursor  is  suitable  for  reduced  pressure  MOCVD  systems. 
The  amorphous  character  of  the  films  deposited  on  quartz,  sapphire,  and  Si  [1  00]  substrates  was  proven  by  X-ray  diff¬ 
raction.  Oxygen  and  ammonia  were  used  as  reaction  gases. 


1.  Introduction 

Ti02-films  have  found  numerous  applications 
such  as  antireflection  coatings,  sensors  and  photo 
catalysts  [1,2].  This  is  due,  in  part,  to  the  high 
refractive  index,  high  dielectric  constant  and  excel¬ 
lent  transmittance  in  the  visible  and  near-IR 
spectra  range  [3]. 

The  most  common  chemical  vapour  deposition 
(CVD)  techniques  for  Ti02-film  deposition  employ 
either  titanium  tetrachloride  (TiCU)  [4,5]  or  tita¬ 
nium  alkoxides  (Ti(OR)4)  [6-10]. 

We  report  here  the  thermoanalysis  of  a  new  solid 
titanium  pyrazolylborate  MOCVD  precursor 
HB(pz)3Ti(OTr)3  (sketched  formula,  Scheme  1) 
and  the  film  growth  of  amorphous  Ti02  on  several 
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substrates.  The  film  growth  behaviour  at  various 
process  conditions  was  carefully  investigated. 


2.  Experimental  procedure 

All  films  were  prepared  from  the  precursor 
HB(pz)3Ti(OTr)3,  where  HB(pz)3  and  O'Pr  denote 
the  trispyrazolylborate  and  isopropoxide  ligands,  re¬ 
spectively.  The  synthesis  of  this  complex,  as  well  as 
those  of  the  methyl  derivatives,  will  be  published 
elsewhere  [11].  The  thermal  analysis  (DTA/TGA)  of 
HB(pz)3  Ti(OTr)3  was  measured  on  a  Mettler  TA- 
2000C  Thermoanalyzer.  The  evaporation  rates  were 
determined  by  weight  loss  experiments  in  the 
MOCVD  apparatus  as  described  in  [12]. 

Thin  amorphous  films  of  Ti02  were  grown  on 
quartz,  sapphire,  and  Si[100]  substrates  in  a  hori¬ 
zontal  quartz  reactor  described  elsewhere  [12]  at 
low  pressure  conditions  of  20-30  mbar.  The  sub¬ 
strates  were  located  on  a  graphite  susceptor  heated 
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Scheme  1.  Sketched  formula  for  the  solid  titanium  pyrazolylborate 
MOCVD  precursor  HB(pz)3Ti(0‘Pr)3. 


by  infrared  lamps.  The  growth  of  the  film  was 
investigated  at  various  substrate  temperatures  from 
300  to  800°C.  The  precursor  was  evporated  in  a  ce¬ 
ramic  boat  which  was  brought  into  the  system.  In  all 
experiments,  helium  was  used  as  the  carrier  gas  to 
transport  the  precursor  vapour  to  the  substrate  with 
a  flow  rate  of  66  seem.  Reaction  gases  such  as  the 
oxygen  and  ammonia  were  introduced  in  the  reaction 
chamber  with  a  flowrate  of  108  seem. 

The  transparent  films  were  analyzed  with  UV/VIS 
(Uvikon  820).  All  other  films  were  investigated  by 
X-ray  diffraction  (XRD)  (Phillips  PW1710),  pro- 
filometry  (Tencor  alpha-step  200),  ellipsometry  (Plas- 
mos  SD2300),  Rutherford  backscattering  spectro¬ 
scopy  (RBS),  Auger  electron  spectroscopy  (AES) 
(Perkin-Elmer  PHI  4300  SAM)  and  X-ray  photo¬ 
electron  spectroscopy  (XPS)  (Perkin-Elmer  PHI  5400 
ESCA).  Details  will  be  published  elsewhere. 


3.  Results 

In  order  to  test  the  use  of  the  volatile  HB 
(pz)3Ti(OTr)3  as  a  MOCVD  precursor,  thermal 
analysis  was  carried  out  in  argon  with  a  heating  rate 
of  lOK/min.  The  results  of  the  thermogravimetric 
analysis  (TGA)  (Fig.  1)  show  that,  at  normal  pressure, 
the  weight  loss  of  the  precursor  starts  at  150°C. 
From  differential  thermal  analysis,  an  endothermic 
peak  at  118°C  could  be  identified  as  the  melting 


Fig.  1.  Thermal  analysis  of  HB(pz)3Ti(0‘Pr)3  by  TGA. 


point  of  the  precursor.  The  experimental  result  of  the 
evaporation  rate  of  the  precursor  as  a  function  of  the 
evaporation  temperature  is  shown  as  an  Arrhenius 
plot  in  Fig.  2(b).  The  heat  of  evaporation  was  cal¬ 
culated  from  the  slope  of  this  straight  line  with 
Af/evap  =  85.0  +  3  kJ/mol. 

The  film  deposition  was  carried  out  under  various 
physical  conditions  and  some  of  the  experimental 
results  were  plotted  as  graphs. 

Fig.  2(a)  shows  an  Arrhenius  plot  of  the  film 
growth  as  a  function  of  the  evaporation  temper¬ 
ature  at  450°C  substrate  temperature.  From  the 
slope  of  this  line,  a  pseudoactivation  energy  of 
AEa  =  80.3  kJ/mol  was  calculated.  The  dependence 
of  the  growth  rate  on  substrate  temperature  was 
carried  out  for  various  evaporation  temperatures  of 
the  precursor  and  for  various  evaporation  rates  of  the 
precursor.  The  results  of  the  first  are  shown  as  an 
Arrhenius  plot  in  Fig.  3(a),  while  the  latter  is  given 
in  Fig.  3(b).  Both  results  will  be  discussed  in  more 
detail. 

Changes  in  physical  properties  such  as  the  amor¬ 
phous/crystalline  state,  the  refractive  index  and 
the  band  gap  as  a  function  of  the  substrate  temp¬ 
erature  were  also  correlated.  These  results  can  be 
summarized  as  follows. 
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Fig.  2.  Experimental  data,  (a)  Growth  rate  of  TiO^  as  a  function  of  the  evaporation  temperature  at  a  substrate  temperature  of  450  C. 
(b)  Evaporation  rate  of  the  precursor  (weight  loss)  as  a  function  of  the  evaporation  temperature.  Lines  are  drawn  as  guides  for 
the  eye. 


Fig.  3.  Experimental  data,  (a)  Arrhenius  plot  for  film  growth  rate  as  a  function  of  substrate  temperature  for  various  evaporation 
temperatures:  Cy  90''C;  O,  I05"'C;  ■,  1 15"C.  (b)  Growth  rate  as  a  function  of  evaporation  rate  of  the  precursor  (weight  loss)  for  various 
substrate  temperatures:  A,  300  C;  A,  350'C;  400 'C;  O,  450'C;  •,  500  C 


The  thickness  and  refractive  index  of  the  films  on 
Si[100]  and  sapphire  were  determined  by  ellip- 
sometry  at  632.8  nm.  The  refractive  index  is  depen¬ 
dent  on  the  substrate  temperature  and  changes  from 
n  =  1.9,  at  300^C,  to  a  maximum  of  n  =  2.05  at  400°C 
but  decreases  thereafter  to  1.8  at  500°C.  The  thickness 
of  the  films  and  the  average  roughness  were  deter¬ 
mined  by  profilometry  and  found  to  have  a  value  of 
10  A  for  most  of  the  films.  Depending  on  the  growth 
conditions,  thicknesses  up  to  1500  A  were  measured 
for  the  deposition  times  over  30  min. 

The  UV/VIS  spectra  of  the  films  grown  on  sap¬ 
phire,  at  different  temperatures  are  shown  in  Fig.  4. 
A  band  gap  for  all  films  of  3.63  +  0.1 1  eV  was  derived 
from  the  onset  of  the  slopes  at  342  nm. 


The  amorphous  character  of  the  films  was  proven 
by  XRD.  No  crystalline  phase  could  be  determined 
up  to  temperatures  of  800^C  on  any  of  the  substrates. 
Even  after  annealing  in  air  at  lOOO'^C  for  12  h,  the 
probes  showed  no  crystalline  phase. 

4.  Discussion 

The  data  of  Figs.  1(a)  and  2(b)  demonstrate  that  the 
compound  HB(pz)3Ti(OiPr)3  is  sufficiently  volatile  to 
carry  out  MOCVD  experiments. 

The  growth  rate  of  the  film  (Fig.  2(a))  as  well  as 
the  evaporation  rate  of  the  precursor  (Fig.  2(b))  as 
a  function  of  the  evaporation  temperature  had  Ar¬ 
rhenius  plots  of  approximately  the  same  slopes. 
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Fig.  4.  UV/VIS  spectra  of  Ti02  films  at  different  substrate  temper¬ 
atures:  — ,  300"C;  •••O”*,  350"C;  — O-- ,  400T;  —A—, 
450T;  — ,  500"C 

Therefore  the  values  for  the  pseudo-activation  energy 
and  heat  of  evaporation  are  about  the  same  indicat¬ 
ing  that  the  evaporation  of  the  precursor  is  the  rate 
limiting  step  in  the  growth  of  the  films  at 
T3,b  =  450°C. 

Fig.  3(a)  shows  the  growth  rate  dependence  on  the 
substrate  temperature  at  different  evaporation  tem¬ 
peratures.  Two  growth  regions  can  be  distin¬ 
guished,  i.e.,  the  kinetically  controlled  = 

370°C)  and  the  mass  flow  controlled  region,  where, 
for  each  evaporation  rate,  one  finds  a  constant  film 
growth.  An  average  activation  energy, 
of  116+4  kJ/mol,  can  be  deduced  from  the  slopes 
in  the  kinetic  part.  This  value  can  not  be  correlated 
directly  with  either  any  bond  cleavage  (Ti-N 
(464  kJ/mol),  Ti-O  (661.9  ±  15.5  kJ/mol)  [13]),  or  to 


the  lowest  bond  (B-N)  dissociation  energy  (389  + 
21  kJ/mol)  of  the  pyrazolylborate  ligand  itself.  The 
relatively  low  values  for  the  assigned  bond  energies, 
can  be  explained  by  the  contribution  of  the 
mass  transport,  (e.g.,  mass  flow)  to  the  decompos¬ 
ition  kinetics  [14].  Thus,  for  the  MOCVD  of 
Y2O3  from  Y(thd)3,  Fa(exp)  and  Fa^rr)  of  114  and 
320  kJ/mol,  respectively,  were  reported  [15]. 

Fig.  3(b)  shows  the  growth  rates  measured  for 
a  series  of  different  substrate  temperatures  and 
weight  losses  of  the  precursors  HB(pz)3Ti(OTr)3. 
In  the  kinetically  controlled  regime  of  the  low 
temperature  range  between  300  and  370°C,  the 
reaction  order  of  deposition  changes  with  de¬ 
creasing  mass  flow  of  the  precursor  from  first  order 
to  zero  order.  This  indicates  that,  within  this  tem¬ 
perature  window,  the  reaction  is  strongly  sur¬ 
face-dependent  and  causes  fast  saturation  of  the  ad¬ 
sorption  sites  that  are  necessary  for  the  growth.  In 
the  mass  flow  controlled  regime  from  400  to  500°C, 
straight  lines  result  over  the  entire  range.  The 
slope  of  these  lines,  in  a  logarithmic  scale,  is  around 
1  (e.g.,  0.9  for  T^ub  =  400°C)  and  implies  that  the 
deposition  reaction  is  almost  first  order  under  these 
conditions.  Therefore,  the  growth  rate  is  strongly 
dependent  on  the  partial  pressure  of  the  precursor 
and  supports  the  suggestion  that  the  evaporation 
rate  is  the  rate  limiting  step  in  the  high  temperature 
range.  The  films  obtained  were  all  amorphous,  even 
at  high  temperatures.  This  was  proven  by  XRD  as 
well  as  by  determination  of  the  band  gap.  The  value 
of  3.63  +  0.11  eV  is  in  the  range  of  those  values 
found  in  the  literature  for  amorphous  Ti02 


Table  1 

AES,  XPS  and  RBS  measurements  of  film  composition  (in  at.%)  deposited  on  Si[l  00]  at  substrate  temperatures  of  350°C  (kinetically 
controlled  region)  and  450'^C  (mass  flow  controlled  region) 


=  sso-c 

T,„,  =  450”C 

=  500°C 

RBS 

AES 

XPS 

AES 

XPS 

titanium 

28% 

28% 

27% 

32  ±  3% 

31  ±  1.55% 

oxygen 

56% 

60  ±  6% 

66% 

62  ±  6% 

69  ±  3.45% 

carbon 

4  ±  3% 

2±  1% 

2  ±  2% 

2±  1% 

n.a. 

boron 

9.2  ±  3% 

9.1  ±  1% 

6.7  ±  2% 

39  ±  1% 

n.a. 

nitrogen 

n.a. 

1.2  ±  0.2 

n.a. 

0.8  ±  0.2 

n.a. 

Instrumental  error  for  the  measurements  are:  for  RBS  5%,  for  AES  30%  and  for  XPS  10%;  n.a.  =  not  analyzed. 
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[7-9,16].  Also,  the  refractive  index  {n  —  2.05)  is  in 
the  usual  range  of  amorphous  Ti02  {n  =  2.35  for 
anatase  and  2.65  for  rutile)  [4,6].  The  fact  that  the 
films  remain  in  the  amorphous  state  even  at  elev¬ 
ated  temperatures  indicates  that,  during  the  de¬ 
composition  of  the  precursor,  boron  might  be  in¬ 
corporated  and  react  with  oxygen  to  form  B2O3. 
AES  and  XPS  depth  profile  measurements  of  two 
samples  confirm  that  the  films  homogeneously  con¬ 
tain  boron  from  the  precursor  ligand.  Therefore, 
due  to  this  small  boron  contamination,  amorphous 
boron  glasses  or  some  mixed  Ti^.O^B^  phases  may 
be  formed  that  inhibit  the  crystallization  of  the 
deposited  titanium  oxide  layers  even  at  high  tem¬ 
perature  and  post-annealing  in  air. 

The  use  of  boron-free  precursors  such  as 
Ti(OTr)4  leads,  under  these  experimental  condi¬ 
tions,  to  polycrystalline  films  on  Si.  All  techniques, 
AES,  XPS  and  RBS,  showed  a  high  oxygen 
(Table  1)  content  and  confirm  the  formation  of 
B2O3  in  the  Ti02  films. 

It  appears  that  higher  deposition  temperatures 
also  lead  to  the  formation  of  deposits  with 
negligibly  small  carbon  and  nitrogen  contents  as 
well  as  a  lower  boron  content. 

The  dependence  on  the  oxygen  flow  and  other 
reactants  such  as  alcohol  is  currently  under 
investigation  and  will  be  published  elsewhere  [11]. 
Preliminary  results  suggest  that  the  elimination  of 
the  boron  content  results  in  polycrystalline  Ti02 
films.  Further,  preliminary  experiments  with  am¬ 
monia  as  a  reaction  gas  show  that  it  is  possible  to 
grow  films  on  sapphire,  at  600"’C  Over  a  period  of 
30  min,  a  940  A  thick  oxygen  deficient  film  was 
grown  having  the  composition  TiOo.sNo.s  (meas¬ 
ured  by  RBS)  and  a  band  gap  of  2.88  eV.  This 
suggests  that  it  is  also  possible  to  grow  oxonitride 
films  with  this  precursor. 

5.  Conclusions 

Amorphous  titanium  oxide  films  were  prepared 
by  MOCVD  in  a  temperature  range  of  300-800°C 
on  quartz,  sapphire  and  Si[100],  using  a  new 
titanium  precursor  HB(pz)3Ti(OTr)3.  We  found 
a  boron  content  up  to  9%.  Obviously,  this  conta¬ 


mination  is  responsible  for  the  amorphous  film 
growth.  We  determined  an  average  heat  of  evapo¬ 
ration,  for  this  precursor  as  82.7  ± 

5  kJ/mol.  An  average  activation  energy,  of 
116  ±  4kJ/mol  for  the  film  deposition  was  found 
under  the  conditions  used.  Under  ammonia, 
oxygen  deficient  Ti-O-N  films  were  obtained. 

This  research  was  supported  by  ‘Kredite  und 
Forschung’  of  the  ETH  Zurich.  The  authors  would 
like  to  express  their  thanks  to  Dr  Marek  Mack- 
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Abstract 

Gallium  phosphate  thin  films  on  silicon  substrates  have  been  made  from  gallium  acetylacetonate  and  tributylphos- 
phate  precursors  in  solution  by  an  aerosol  chemical  vapor  deposition  named  ‘pyrosoF.  Thin  films  produced  are 
amorphous  and  a  large  range  of  chemical  compositions  with  the  experimental  conditions  can  be  observed.  The  X-ray 
absorption  measurement  results  show  that  in  these  thin  film  structures  there  are  Ga  atoms  in  both  tetrahedral  and 
octahedral  sites.  Their  electrical  (resistivity)  and  dielectric  (permittivity)  characteristics  are  different  to  those  of  the 
crystallized  gallium  phosphate. 


1.  Introduction 

Our  laboratory  takes  a  particular  interest  in  the 
family  of  materials  M*”X^04  where  M  =  Al,  Ga  or 
Fe  and  X  =  P  or  As,  which  displays  extensive  struc¬ 
tural  similarities  with  a-quartz  Si02.  Thus,  we  set 
about  developing  the  crystal  growth  and  the  char¬ 
acterization  of  the  quartz-like  materials  such  as  the 
a-gallium  orthophosphate  (GaP04),  and  berlinite 
(AIPO4)  having  piezoelectric  properties  similar  or 
greater  than  those  of  a-quartz  Si02  [1,2]  and  high 
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dielectric  properties  [3,4].  Thus  we  decided  to  de¬ 
posit  them  as  insulating  thin  films  on  III-V 
semiconductor  substrates.  In  the  case  of  silicon, 
oxidation  at  the  surface  of  the  material  can  be 
controlled  precisely  so  as  to  produce  an  insulating 
thin  film  of  silica.  Further,  the  silicon  semiconduc¬ 
tor  passivation  technique  by  oxidation,  which  pro¬ 
duces  MOS,  MIS  or  MISFET  devices,  is  not  trans- 
posable  to  III-V  semiconductors.  Thus,  we  set 
about  developing  the  fabrication  of  gallium  phos¬ 
phate  thin  films  on  the  corresponding  III-V 
semiconductor  using  the  ‘pyrosoF  method.  In  our 
previous  work,  [5]  aluminium  phosphate  films 
were  deposited  on  a  silicon  substrate.  Now,  we  are 
working  on  the  fabrication  of  gallium  phosphate  on 
silicon  substrates.  These  deposits  were  characteri¬ 
zed  by  means  of  infrared  spectroscopy,  X-ray  dif¬ 
fraction,  electron-probe  microanalysis,  scanning 
electron  microscopy  and  secondary  ion  mass  spec¬ 
troscopy  (SIMS). 
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In  particular,  we  studied  the  physical  properties: 
the  dielectric  constant  and  conductivity  measure¬ 
ments  on  gallium  phosphate  thin  films.  Indeed, 
dielectric  properties  of  massive  crystallized  material 
GaP04  have  been  studied;  the  values  of  dielectric 
constants  (£n  =  6.2  and  4^3  6.6  at  20'C  and 

50  kHz,  [3]  )  as  well  as  the  influence  of  temper¬ 
ature,  frequency  and  impurities  have  been  investi¬ 
gated.  Permittivity  is  found  to  be  nearly  constant 
below  room  temperature,  whereas  it  becomes  tem¬ 
perature-frequency-impurities  dependent  above 
room  temperature  [3]. 

In  order  to  complete  this  study,  we  set  out  to 
characterize  thin  films  of  gallium  phosphate  by 
X-ray  absorption  spectroscopy  at  the  gallium 
K-edge  [6].  The  experimental  results  on  the  alumi¬ 
nium  phosphate  at  both  aluminium  and  phos¬ 
phorus  K-edges  were  already  developed  [7]. 

This  study  aimed  to  gain  a  better  understanding 
of  aluminium  and  gallium  phosphate  thin  film 


structure  and  the  nature  of  the  defects  so  as 
then  to  be  in  a  position  to  enhance  their  dielectric 
properties  [8]. 

2.  Experimental  procedure 

Thin  films  of  aluminium  and  gallium  phosphate 
were  deposited  on  doped  silicon  substrates  by  the 
'pyrosoh  process.  This  method  is  based  on  ther¬ 
molysis  of  an  aerosol  produced  from  a  solution 
containing  the  organometallic  precursors.  This 
solution  is  pulverized  on  the  surface  of  the  liquid  by 
an  ultrasonic  source.  The  resultant  mist  is  propel¬ 
led  by  a  vector  gas  (air  or  nitrogen)  towards  the 
heated  (T  C)  silicon  substrate.  On  contact,  the 
solvent  is  vaporized  and  the  precursors  are  cracked, 
inducing  the  formation  of  thin  homogeneous 
layers.  Fig.  1  schematizes  a  classic  'pyrosok  installa¬ 
tion  used  for  this  study.  By  this  process,  materials 


Fig.  1.  Pyrosol  reactor. 
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Table  1 

Gallium  phosphate  thin  films  composition  and  oxygen  excess  in  connection  with  temperatures  and  initial  compositions  for  several  ratios 
GaAA/TBP 


r(X) 

25/75 

33/66 

50/50 

Ga/P 

(at.%) 

0,K/Oe,p 

Ga/P 

(at.%) 

0,h/0.,p 

Ga/P 

{at.%) 

0,h/0„p 

370 

0.76 

0.99 

360 

1.99 

0.85 

0.89 

0.94 

350 

2.73 

0.76 

2.19 

0.84 

340 

330 

3.17 

0.85 

320 

3.11 

0.83 

310 

300 

3.26 

0.82 

3.91 

0.83 

4.17 

0.85 

280 

4.89 

0.82 

250 

7.52 

0.90 

not  available  by  chemical  vapor  deposition  (CVD) 
techniques  (no  gaseous  precursors)  can  be  ob¬ 
tained.  But  the  precursor  dissolution  allows  the 
precursors  to  react  at  lower  temperatures  (lower 
than  500°C),  and  modifies  the  layer  concentration 
by  varying  the  initial  solution  composition.  Precur¬ 
sors  are  chosen  so  as  to  simulate  pyrolysis  inducing 
the  formation  of  gallium  phosphate.  On  the  other 
hand,  they  need  a  common  solvent.  Therefore,  the 
precursors  selected  to  form  deposits  of  gallium 
phosphate  were  tributyl-phosphate  (TBP)  and  gal¬ 
lium  acetylacetonate  (GaAA)  dissolved  in  ethanol. 
By  varying  the  composition  of  this  initial  solution 
and  the  temperature  of  the  substrate  (T°C)  we 
obtained  films  of  varying  compositions.  These  com¬ 
positions  are  expressed  by  the  ratio  Ga/P  of  the 
atomic  percentages  of  gallium  and  phosphorus  as 
determined  by  electron  probe  microanalysis.  More¬ 
over,  oxygen  excess  as  compared  to  stoichiometric 
GaP04  is  expressed  by  the  ratio  Oth/Oexp>  where 
Oexp  is  the  atomic  percentage  of  oxygen  as  meas¬ 
ured  by  the  microprobe  and  Oth  is  calculated  on  the 
basis  of  the  Ga  and  P  contents  (atomic  percentage) 
measured  by  the  electron  probe  and  expressed  in 
the  form  of  two  oxides,  Ga203  and  P2O5,  given 
that  in  this  calculation  2GaP04  corresponds  to 
GaiOj  +  P2O5  thus  giving  0,h  =  I  [P]  +  I  [Ga], 
The  optimum  layer  growth  conditions  are  obtained 
for  a  vibration  frequency  of  774-775  kHz  and  an 


equal  flow  rate  for  the  two  gas  intakes  250 1  h"  \ 
Table  1  shows  the  results  obtained.  From  our  re¬ 
sults,  we  can  observe  a  decrease  of  gallium  concen¬ 
tration  when  the  substrate  temperature  increases. 
We  observe  a  strong  evolution  over  a  small  temper¬ 
ature  range  (AT  10°C).  So,  during  the  deposition, 
it  is  necessary  to  have  a  good  temperature  control 
system.  We  obtain  homogeneous  and  adhered  thin 
films  for  substrate  temperature  between  200  and 
400°C.  We  suspect  that  there  is  a  competition  be¬ 
tween  two  reactions:  the  first  corresponds  to  a  reac¬ 
tion  between  the  two  precursors,  tributylphosphate 
and  gallium  acetylacetonate,  resulting  in  the  forma¬ 
tion  of  (0-Ga-0-P)„  chains,  and  the  second  is  due 
to  the  cracking  of  the  GaAA  precursor  alone,  re¬ 
sulting  in  the  formation  of  (0-Ga-0-Ga)„  chains 
characteristic  of  the  gallium  oxide  (Ga203). 


3.  Thin  film  characterizations 

When  thin  films  have  an  excess  of  phosphorus, 
the  film  surface  state  is  granular.  The  grain  dimen¬ 
sion  decreases  when  the  ratio  Ga/P  increases  to 
achieve  a  smooth  surface  for  Ga/P  >  3.  The  cross- 
section  of  the  deposit  observed  by  scanning  elec¬ 
tron  microscopy  (SEM)  shows  a  columnar  struc¬ 
ture.  Their  thickness  varies  between  0.3  and  0.6  pm 
depending  upon  the  deposit  times  and  the  substrate 
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Concentration  (cps/s) 


temperature.  The  deposition  rate  is  about 
0.08-0,09  pm  per  hour.  In  infrared  thin  film  spectra, 
we  observe  absorption  bands  characteristic  of 
Ga04  ad  PO4  groups.  The  large  absorption  bands 
are  characteristic  of  an  amorphous  material.  The 
most  Ga-enriched  film  absorption  band  is  broad  at 
low  frequency  and  confirms  the  presence  of  gallium 
oxide  (Ga203),  like  the  aluminium  phosphate  thin 
films  [5].  By  X-ray  diffraction,  in  any  case,  alumi¬ 
nium  or  gallium  phosphate  thin  films  spectra  pres¬ 
ent  a  large  diffusion  ring  characteristic  of  an 
amorphous  state  [5].  Fig.  2  shows  both  a  homo¬ 
geneous  concentration  profile  of  phosphorus  and 
gallium,  involving  a  regular  thin  film  growth  which 
was  also  homogeneous.  The  peak  corresponding  to 
a  time  of  1000  s  indicates  the  presence  of  a  silicon 
oxide  at  the  gallium  phosphate-silicon  interface. 


4.  Thin  films  physical  properties 

4.1.  X~ray  absorption  spectroscopy  (XAS) 

We  have  completed  a  qualitative  structural  study 
made  by  X-ray  absorption  near  edge  structures 
(XANES)  spectroscopy  on  aluminium  phosphate 
thin  films  [6]  (Al  and  P  K-edges)  by  the  character¬ 
ization  of  the  local  range  order  of  Ga  atoms  in 


gallium  phosphate  films.  We  recorded  XANES  and 
EXAFS  (extended  X-ray  absorption  fine  structure) 
Ga  K-edge  (10  367  ev)  spectra  for  thin  films  of  vari¬ 
ous  compositions  and  for  several  crystalline  (c) 
compounds:  c-GaP04  (quartz-like  structure,  where 
Ga  atoms  are  in  tetrahedral  sites  Ga04  [9]), 
P-Ga203  (Ga  are  located  in  both  tetrahedral  and 
octahedral  sites  [10]  )  and  c-GaOOH  (Ga  exhibits 
octahedral  sites  [11]  ).  All  these  spectra  were  ob¬ 
tained  from  the  XAS  4  station  of  the  DCI  storage 
ring  at  LURE  (Orsay),  using  the  electron  conver¬ 
sion  method  [12]. 

The  main  XANES  results  are  shown  in  Fig.  3(a) 
and  (b).  For  thin  film  enriched  in  phosphorus 
(Ga/P  <  1,  Fig  3(a)),  the  spectra  are  a  linear  combi¬ 
nation  of  the  reference  spectra  of  c-GaP04  and 
c-GaOOH  as  for  that  of  P-Ga203.  When  the  film 
composition  approaches  GaP04  stoichiometry 
(Ga/P  =  0.83,  Fig  3(a)),  the  XANES  spectrum  be¬ 
comes  closer  to  that  of  c-GaP04.  For  deposits 
enriched  in  gallium  (Ga/P  >  1,  Fig  3(b)),  the 
spectra  are  very  similar  to  that  of  c-GaOOH.  In 
addition,  annealing  (950''C  in  air)  for  thin  films 
enriched  in  phosphorus  leads  to  XANES  spectra 
more  similar  to  that  of  c-GaP04.  This  annealing 
effect  is  weaker  for  gallium  enriched  deposits 
which  still  present  intermediate  features  between 
c-GaP04  and  c-GaOOH  spectra. 
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Fig.  3.  Normalized  XANES  spectra  for  thin  films  (a)  Ga/P  — 
references  GaP04  and  GaOOH. 


E(eV) 

3.60,  by  comparison  with  the  crystallized 


0.83,  0.78  and(b)  Ga/P  -  1.30, 


Fig.  4.  FT-moduli  of  EXAFS  spectra  for  Ga-enriched  thin  films. 


These  qualitative  structural  results  have  been 
confirmed  by  a  Ga  K-edge  EXAFS  analysis.  Only 
the  first  coordination  shell  of  gallium  with  oxygen 
atoms  was  made  evident  by  the  Fourier  transform 
(FT)  moduli  of  the  normalized  EXAFS  oscillations 
(Fig  4).  Nevertheless,  foj  high  Ga  contents,  a  sec¬ 
ond  peak  around  2.5  A  appears.  A  mean  square 


fitting  procedure  of  the  Fourier  filtered  signal 
has  been  performed,  using  the  standard  EXAFS 
oscillations  expression  and  experimental  backscat- 
tered  phases  and  amplitudes  (c-GaP04),  in  order 
to  obtain  the  Ga  structural  parameters.  In  P-en- 
riched  thin  films,  Ga  is  both  tetrahedrally  and  oc- 
tahedrally  surrounded  by  oxygen  with  an  average 
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coordination  number  N  ^  5  and  an  average  bond 
length  R  ^  1.84  A  (Ga-O)  which  is  intermediate 
between  tetrahedral  (1.81  A)  and  octahedral 
(1.88-1.90  A)  environments.  For  Ga  enriched  de¬ 
posits,  the  Ga  atoms  are  located  essentially  in  oc¬ 
tahedral  sites  {N  ^  6,  R  ^  1.89  A  and  the  Debye 
Waller  factor  a  ^  0.08  A).  We  did  not  simulate  the 
second  coordination  shell  registered  in  this  case 
(Fig.  4)  very  well,  but  the  backscattered  amplitudes 
extracted  from  the  second  peak  of  the  FT  modulus 
around  2.5  A  characterize  the  gallium  atoms  result¬ 
ing  from  [0-Ga-0-Ga]„  chains.  The  annealing 
effect  was  also  confirmed  by  EXAFS.  We  registered 
in  this  case  a  simultaneous  decrease  of  the  struc¬ 
tural  parameters  referred  to  the  corresponding 
values  obtained  for  the  raw  thin  films.  For 
Ga/P  <  2  compositions,  Ga  atoms  are  mainly  in 
tetrahedral  sites  {N  ^  4-4.4,  R  ^  1.81-1.82  A  and 
a  ^  0.03  A),  which  agrees  with  the  recrystallisation 
under  the  cristobalite  form  of  GaP04  made  evident 
by  X-ray  diffraction,  while  for  high  Ga  contents,  the 
Ga  octahedral  surroundings  remain  predominant 
{N  ^  5.5,  R  ^  1.84  A  and  a  0.08  A). 

4.2.  Dielectric  properties 

Conductivity  measurements  have  been  carried 
out  on  a  small  part  of  a  layer  on  the  doped  silicon 
substrate  (resistivity:  R  =  1.7  x  10”"^  Qm,  doped 


type  n  with  Sb).  The  layer  surface  is  metallized  with 
gold  sputtering  deposition  (2000  A)  and  the  elec¬ 
trodes  are  copper  wires.  For  each  sample,  we  car¬ 
ried  out  electrical  measurements  over  a  frequency 
range  of  100  Hz  to  1  MHz  and  a  temperature  range 
of  250-350'"K.  The  signal  measured  by  an  impe¬ 
dance  analyzer  HP  92A  which  gives  capacitance 
C  (F)  and  conductance  G  (S  or  Q  “  ^)  as  a  function  of 
frequency.  For  three  samples  (Ga/P  =  3.01, 
Oth/Oe,p  -  0.75;  Ga/P  =  0.76,  0,h/Oexp  -  0.99  and 
Ga/P  =  0.89,  Oth/Oexp  =  0.94)  we  plotted  the 
values  of  log(cond.)  =  /(log(freq.))  variation  (Fig.  5) 
at  room  temperature.  The  obtained  values  are  higher 
[a  ^  10"  ^-10“^  (Qm)“‘)  than  expected,  as  for  the 
material  (o- >  10"  (Qm)"  [13].  We  observe 

a  strong  increase  of  the  conductivity  with  fre¬ 
quency.  At  room  temperature,  the  conductivity  in¬ 
creases  with  the  gallium  concentration  and  with  the 
oxygen  excess  (Oth/Oexp  <  1).  In  Fig.  6,  we  have 
plotted  the  values  of  log(cond.)  =  /(freq.)  variation 
for  sample  Ga/P  =  3.01,  0,h/Oexp  =  0.75  at  several 
temperatures.  We  observe  a  weak  conductivity 
evolution  with  temperature  and  an  important  one 
with  the  frequency.  An  accurate  determination  of 
Cj  (insulator  capacity)  requires  biasing  the  surface 
by  the  applied  potential  such  as  Csc  +  Gss»Gj 
where  Csc  and  Css  are,  respectively,  the  semicon¬ 
ductor  space  charge  and  the  interfacial  surface  state 
charge.  The  measured  capacity  is  then  equal  to  C,. 
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Fig.  5.  Experimental  log(cond.)  =  /(Iog(freq.))  curve  at  room  temperature  for  several  thin  films. 
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Fig.  6.  Experimental  log(cond.)  =  /  (log{freq.))  curve  at  several  temperatures  for  Ga/P  =  3.01  and  Oth/Oexp  =  0.76  thin  films. 


The  relative  permittivity  e'  was  calculated  from  the 
expression  Cj  =  Sos'S/d  where  £o  is  the  vacuum 
permittivity,  S  the  layer  surface  and  d  the  layer 
thickness.  We  have  attempted  some  layer  relative 
permittivity  constant  measurements  on  various 
gallium  and  phosphorus  compositions.  The  layer 
relative  permittivities  found  are  much  smaller 
(e'  3  at  room  temperature  and  freq.  =  10^  Hz) 

than  GaPO^  crystal  constant  measurements, 
s'h  =  6.2  and  £'33  =  6.6  (room  temperature  and 
freq.  =  50  kHz),  which  do  not  vary  with  frequency 
[3].  The  diminution  of  the  dielectric  constant  at 
lower  frequency,  compared  with  the  case  of  GaP04 
crystal,  is  expected  to  be  a  direct  result  of  the 
changes  in  the  gallium  oxide  environment.  How¬ 
ever,  the  SIMS  curve  (Fig.  2)  shows  that  the  silicon 
signal  is  enhanced  at  the  interface  and  thus  indi¬ 
cates  the  presence  of  silicon  oxide  sandwiches  be¬ 
tween  gallium  phosphate  and  silicon  substrate.  The 
insulator  capacity  (Cj)  measurement  is  then  modi¬ 
fied.  The  variation  of  conductivity  under  alternat¬ 
ing  current  with  frequency  is  probably  the  result 
of  carrier  hopping  or  tunneling  between  impurity 
sites  and  dangling  bond  in  gallium  phosphate  band 

gap- 


5.  Conclusions 

In  this  study,  we  defined  the  experimental  depos¬ 
ition  conditions  of  gallium  phosphate  thin  films  on 


silicon  substrate  by  the  pyrosol  process.  We  ob¬ 
tained  homogeneous  and  stable  thin  films  without 
cracks.  We  observed  a  large  composition  range 
versus  the  substrate  temperature  and  the  initial 
solution  containing  the  precursors.  Whatever  the 
temperature  deposition  was,  thin  layers  were 
amorphous  and  could  be  recrystallized  in  GaP04 
cristobalite  form  by  annealing. 

The  structural  results  lead  us  to  believe  that  in 
these  thin  films,  two  types  of  chain  coexist 
[0-Ga-0-P]„  and  [0-Ga-0-Ga]„,  with  Ga 
atoms  in  both  tetrahedral  and  octahedral  sites.  We 
can  therefore  assume  that  the  structure  of  these  thin 
films  comprise  two  types  of  aggregate: 

(i)  the  first  one,  based  on  the  structure  of  cris¬ 
tobalite  GaP04  recrystallizing  in  this  form  when 
heated; 

(ii)  the  second  one,  based  on  the  structure  of 
amorphous  gallium  oxide  (Ga203),  would  become 
largely  predominant  in  gallium-rich  deposits  and 
would  not  recrystallize  at  950°C. 

This  study  has  produced  interesting  results  con¬ 
cerning  the  first  gallium  coordination  sphere,  but, 
our  goal  would  be  to  investigate  the  medium 
surrounding  of  gallium  atoms  in  order  to  explain 
the  competition  between  the  two  reactions  involv¬ 
ing  the  gallium  oxide  or  the  gallium  phosphate 
formation. 

The  conductivity  measurement  results  mean  that 
our  gallium  phosphate  thin  films  have  a  high  resis¬ 
tivity  but  less  than  the  bulk  material  one.  The  first 
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dielectric  characterizations  show  weak  dielectric 
constants  in  comparison  with  GaP04  crystal.  At 
the  moment,  our  results  are  not  conclusive.  Fur¬ 
ther,  studies  will  be  undertaken  in  order  to  thoro¬ 
ughly  explore  the  dielectric  measurements  (dielec¬ 
tric  constant  and  dielectric  loss)  for  several  gallium, 
phosphorus  and  oxygen  concentration  thin  films. 
In  these  studies,  we  would  like  to  develop  proper¬ 
ties  of  MIS  devices  by  standard  C-V  and  I-V 
methods. 
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Abstract 

Planar  optical  waveguides  were  built  up  by  proton  implantation  (ion  of  H^)  in  single  crystal  of  lithium  niobate.  The 
waveguide  properties  are  investigated  by  a  prism  coupling  technique  (M-lines  spectroscopy).  The  reconstructed  refractive 
index  variation  profile  obtained  with  the  inverse  WKB  method,  is  compared  with  the  ion  concentration  profile  as 
determined  by  TRIM  simulation  program.  The  electro-optic  coefficient,  has  been  measured  through  the  change  in 
coupling  angle  of  the  modes  excitation  under  an  applied  electric  field. 


1.  Introduction 

Among  the  potential  optical  materials  for  inte¬ 
grated  optics,  lithium  niobate  (LiNbOa)  has  been 
subject  to  extensive  development  [1].  The  LiNbOa 
crystal  growth  process  is  well  developed  and  large 
single  crystal  of  excellent  optical  quality  are  pres¬ 
ently  commercially  available  [2].  Planar  and 
stripes  waveguides  have  been  produced  in  this  ma¬ 
terial  using  techniques  such  as  thermal  titanium 
indiffusion,  proton  exchange  [3-5]  or  more  re¬ 
cently,  by  mean  of  ion  implantation  He^  [6],  and 
H"  [7]. 

Light  ion  (He^,  H^)  implantation  is  a  powerful 
and  very  attractive  method  for  waveguide  fabrication 
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since  it  can  be  potentially  applied  to  any  crystalline 
materials,  pure  or  doped  and  whatever  their  com¬ 
position,  A  proper  dielectric  waveguide  is  a  planar 
structure  with  refractive  index  greater  than  the  sur¬ 
rounding  materials.  There  are  discrete  guided 
modes  which  propagate  without  divergence.  By 
proton  implantation  in  LiNbOa,  the  ordinary  and 
the  extraordinary  refractive  indices  are  decreased 
where  the  ions  are  deposited  producing  an  optical 
barrier  [7]. 

The  electro-optical  performance  of  these  ion  imp¬ 
lantation-produced  waveguides  may  not  be  identi¬ 
cal  to  that  of  the  bulk  material,  since  the  fabrication 
process  produces  damage  in  the  crystal  lattice  of 
the  material  [8]. 

In  this  contribution,  we  describe  the  experiments 
to  produce  planar  waveguide  without  post 
annealing  procedure  in  LiNbOs  crystal  by 
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implantation,  and  we  give  the  refractive  index  vari¬ 
ation  profile  obtained  by  M-lines  spectroscopy. 
The  results  of  the  EO  effect  are  reported  showing 
that  the  coefficient,  ri3,  is  only  reduced  by  less  than 
10%  for  applied  dc  voltage  as  compared  to  the 
crystals  bulk  value. 

2.  Waveguide  fabrication,  optical  and  electro-optic 
properties 

We  use  commercially  available  y-cut  LiNbO^ 
plates  [2]  typically  with  dimensions  of  20  x  10  x  1 
mm.  The  samples  were  mounted  onto  a  special 
temperature  controlled  stage  in  the  beam  line  of 
a  2  MeV  Van  De  Graaf  accelerator.  The  largest 
face  was  irradiated  with  600  keV  protons  (H*^) 
at  a  fluence  of  5  x  lO^^'ionscm"^.  The  sample 
temperature  was  carefully  kept  close  to  300  K 
to  prevent  thermal  beam  effects  which  may 
frustrate  the  barrier  formation  (see  Fig.  1). 
Moreover,  the  beam  was  scanned  over  an  area 
of  10  cm^  to  guarantee  homogeneous  irradiation 
at  low  flux  (=0.1Acm“^)  to  minimize  the 
charge  effects  on  the  irradiated  surface.  Charging 
effects  disturb  the  initial  ferroelectric  state  of  the 
crystal. 

The  prism  coupling  technique  (M-Iines  spectro¬ 
scopy)  [9]  was  used  to  investigate  the  optical 
waveguide  properties  (see  Fig.  2).  The  incident 
(He-Ne)  laser  beam,  polarized  TE,  was  fed  into  the 
waveguide  using  a  rutile  (Ti02)  prism.  A  power 
meter  and  a  beam  splitter  were  used  to  monitor  the 


Fig.  1.  Formation  of  a  planar  waveguide  in  LiNb03  by  600  keV 
H  ion  implantation  along  the  crystallographic  a  axis;  the  dose 
is  5  X  10*^  ion/cm". 

ingoing  laser  power  as  well  as  the  power  reflected 
by  the  base  of  the  coupling  prism. 

The  coupler  is  mounted  onto  a  goniometer  stage 
which  can  be  turned  with  constant  speed  by  a  feed¬ 
back  controlled  dc  motor. 

The  electro-optic  (EO)  effect  was  investigated 
using  the  modification  of  the  resonance  excitation 
of  M-lines.  This  new  method  consists  of  detecting 
the  change  of  the  coupling  angles  of  M-lines  when 
an  electric  field  is  applied.  A  direct  voltage  was 
applied  to  the  sample  using  two  deposited  elect¬ 
rodes  on  the  waveguide  surface.  The  output  dark 
lines  spectroscopy  comprised  a  series  of  dips  which 
were  shifted  angularly.  By  measuring  the  angle  shift 
of  the  modes,  we  determine  the  variation  of  the 
refractive  index,  Auq. 


Detector 


Fig.  2.  The  prism  coupling  setup  to  obtain  the  modes  profile  and  the  EO  coelhcient,  ^13. 
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Fig.  3.  Typical  reflected  intensity  as  a  function  of  incidence  angle,  0,  obtained  by  the  prism  coupling  method.  In  that  example, 
propagation  is  parallel  to  the  c  axis  (no  excitation).  The  TE  modes  are  related  to  the  dips  in  the  spectra. 


Fig.  4.  Refractive  index  change,  no  (left  scale  and  solid  line),  and  calculated  proton  concentration,  c  (right  scale  and  dashed  line),  versus 
depth  for  LiNb03  energy  600  keV,  dose  5  x  10^^  ions/cm^. 


3.  Results 

The  modes  profile  is  obtained  by  measuring  the 
reflected  intensity  versus  the  angle  of  incidence  (see 
Fig.  3).  The  reflectivity  dips  at  given  coupling 
angles  indicate  the  excitation  of  guided  modes. 
Their  effective  indices  are  used  to  reconstruct 
the  refractive  index  profile,  utilizing  an  inverse 


WKB  method  [10].  The  depth  profile  of  implanted 
ions  was  calculated  using  the  TRIM  code  program 
[11]. 

Both  the  reconstructed  refractive  index  variation 
profile  and  the  TRIM  results  of  protons  deposition 
are  presented  in  Fig.  4. 

The  variation  of  the  reflected  intensity,  AR,  of 
M-lines,  for  different  amplitude  of  the  voltage,  was 
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Angle  of  incidence,  0 


Fig.  5.  Typical  differential  reflectivity,  AR.  measured  for  V  =  350  V.  Inset:  AR  versus  the  applied  voltages. 


investigated  versus  the  angle  of  incidence,  6.  A  lin¬ 
ear  dependence  of  AR  as  a  function  of  the  applied 
voltage  was  observed  (see  Fig.  5). 

When  the  electrical  field,  £,  is  applied,  the  refrac¬ 
tive  index  variation  induced  in  the  direction  of  the 
electric  field  of  a  TE  polarized  wave  is  given  by 

dnxE  =  i  no  ^13  £. 

In  order  to  describe  completely  the  device,  it  is 
necessary  to  know  the  effective  electric  field  applied 
to  the  sample.  We  have 

E  =  V/U 

where  v  and  t  are,  respectively,  the  applied  voltage 
and  the  gap  between  the  two  electrodes.  Then,  we 
find  for  an  as  implanted  sample 

ri3  =  9  pm  ±  1  pmV"^ 

4  Discussion 

As  we  see  in  Fig.  3,  massive  losses  of  higher  order 
modes  due  to  tunneling  are  indicated  by  their  in¬ 
creased  linewidth  [12]. 

The  profile  reconstruction  scheme  (see  Fig.  4) 
returns  particularly  reliable  values  for  the  surface 
value  and  the  barrier  position.  However,  the  deep 
decrease  of  the  refractive  index  is  found  rather 


below.  This  behaviour  is  not  observed  for  He*^ 
implanted  waveguides  [7]  and  could  be  due  to  less 
accurate  parameters  used  in  the  TRIM  program  for 
H"  implantation  simulation. 

From  our  electro-optic  measurements,  we  de¬ 
duce  that  the  value  of  the  EO  coefficient  is  only 
reduced  by  10%,  in  implanted  waveguides, 
from  that  of  the  bulk  material  (^13  =  1 1  pm  V" 
[13]). 

Moreover,  the  EO  effect,  as  it  has  been  suggested 
[8,14],  should  be  reduced  in  ions  implanted 
waveguides,  owing  to  the  damaging  nature  of  the 
particle-substrate  interaction.  Particularly,  the  en 
ergy  part  transferred  to  the  target  atoms  by  inelastic 
processes,  which  are  preponderant  at  high  energy, 
may  produce  complex  defects  in  the  waveguiding 
layer  for  implanted  waveguide. 

Our  results  demonstrate  that  H  ^  implantation  is 
a  very  attractive  method  for  waveguide  elabo¬ 
ration.  Also,  it  must  be  emphasized  that  the  sample 
has  not  been  annealed  prior  to  our  electro-optic 
measurements. 


5.  Conclusions 

We  have  demonstrated  that  optical  modes  can  be 
excited  in  LiNb03  proton  implanted  waveguide 
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with  no  annealing  procedure.  Therefore,  light  ion 
implantation  offers  the  possibility  of  producing 
waveguides  in  photorefractive  materials  such  as 
ABO3  ferroelectrics  where  other  methods  using 
thermal  processes  must  be  avoided. 

Moreover,  the  intrinsic  electro-optic  properties 
of  these  H  ^  implantation-produced  waveguides  are 
rather  well  preserved. 
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Abstract 


The  effects  of  optical  illumination  and  charge  creation  have  been  investigated  in  (PbXa)(Zr,Ti)03  (PLZT)  and  BaTiO^ 
ferroelectric  materials.  Intrinsic  photo-induced  switching  and  charge  trapping  are  observed  in  both  perovskite  materials. 
The  trapping  manifests  itself  by  pinning  domain  walls,  thereby  suppressing  the  amount  of  switchable  polarization.  The 
photoferroelectric  effects  are  found  to  be  reproducible,  reversible,  and  stable  in  both  PLZT  and  BaTiO^.  These  results 
reinforce  the  idea  that  electronic  charge  trapping  centers  can  lock  certain  domain  configurations. 


1.  Introduction 

Lead  lanthanum  zirconate  titanate  (PLZT)  ma¬ 
terials  have  shown  great  potential  for  use  in  optical 
storage  applications  [1-5].  PLZT  materials  are 
promising  materials  for  optical  memories  since  they 
are  photo-sensitive  and  have  large  electrooptic  co¬ 
efficients.  The  non-volatile  images  stored  in  PLZT 
are  induced  by  an  ultra-violet  (UV)  light/applied 
bias  combination  [1-5].  This  combination  leads  to 
the  creation,  and  subsequent  trapping,  of  charge 
carriers.  Upon  trapping,  a  space  charge  field  is 
created  that  can  change  the  polarization  state  of  the 
ferroelectric.  Since  birefringence  is  polarization  de¬ 
pendent,  the  optical  images  are  revealed  by  modu¬ 
lating  the  transmitted,  or  reflected,  light  intensity. 

Birefringence  and  domain  formation  can  be 
strongly  affected  by  optically  illuminating  materials 
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such  as  BaTi03,  SrTiOs,  and  LiNb03  [6-8].  In 
this  study,  we  explore  another  optically-induced 
phenomenon  in  BaTi03  and  PLZT;  we  examine 
the  nature  of  optically-induced  hysteresis  suppre¬ 
ssion  in  these  ferroelectric  materials. 


2.  Experimental 

The  BaTi03  single  crystals  used  in  this  study 
were  fabricated  by  the  Remeika  [9]  flux  method. 
The  polycrystalline  PLZT  hot  pressed  ceramic 
samples  were  obtained  from  a  commercial  supplier 
[10].  Both  samples  were  nominally  0.025  cm  thick. 
The  PLZT  composition  was  Pbo.93Lao.07- 
(Zro.osTio. 35)03-  Semi-transparent  indium  tin 
oxide  (ITO)  electrodes  were  sputter  deposited  on 
the  plates  for  electrical  contact.  Polarization- 
voltage  (P-V)  measurements  were  made  with 
a  Radiant  Technologies  tester.  A  100  WHg 
arc  lamp  (Oriel)  was  used  to  optically  illuminate 
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Fig.  1.  Hysteresis  measurements  of  BaTi03  crystals  subjected 
to  various  conditions:  (a)  initial,  (b)  +  10  V  dc  bias  for  2  min 
and  (c)  a  +  lOV/UV  combination  for  2  min.  The  UV/bias 
treatment  leads  to  photo-assisted  switching. 


the  samples  at  300  K  under  various  applied 
biases. 


3.  Photo-assisted  switching  in  BaTiOs 

The  information  storage  process  can  be  based  on 
the  ability  to  reduce  the  switching  voltage  for  do¬ 
main  reorientation  using  light.  This  photo- 
assisted  switching  is  manifested  if  a  bias/light 
combination  changes  the  polarization  state  of  the 
ferroelectric  to  a  greater  extent  than  an  applied  bias 
(less  than  the  saturation  voltage)  by  itself.  Fig.  1 
illustrates  the  P-V  measurements  on  BaTiOa  crys¬ 
tals  for  various  bias  and  illumination  conditions. 
Fig.  1(a)  is  for  the  initial  BaTiOs  sample  showing 
that  roughly  40  pC/cm^  of  charge  is  switched  when 
ramping  the  capacitor  from  0  to  70  V.  If  a  +  10  V 
bias  is  applied  for  2  min  (Fig.  1(b)),  only  25  pC/cm^ 
charge  is  switched  by  ramping  from  0  to  70  Y.  (The 
+  10  V  bias  was  applied  after  first  poling  the  crys¬ 
tal  to  negative  remanent  polarization  {  ~  Pj.)  The 
positive  bias  alone  caused  15  pC/cm^  of  charge  to 
be  switched  (40-25  pC/cm^).  Fig.  1(c)  shows  that 
a  +  lOV/UV  combination  further  enhances  the 
domain  switching  process  from  the  —  P,  state  since 
ramping  from  0  to  70  V  now  switches  21  pC/cm^  of 
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Fig.  2.  P-V  measurements  of  BaTi03  crystal  plates  subjected 
various  charge  injection  treatments:  (a)  initial,  (b)  —  6  V/UV 
combination  (electron  injection),  and  (c)  subsequent 
-I-  25  V/UV  combination  (hole  injection). 


charge;  19  pC/cm^  of  charge  was  switched  by  this 
bias/UV  scenario.  This  indicates  that  light  does 
indeed  enhance  domain  switching  in  these  BaTiOa 
crystals. 


4.  Photo-induced  trapping 

The  P~V  measurements  on  BaTiOa  crystals  ex¬ 
posed  to  different  bias/UV  combinations  are  illus¬ 
trated  in  Fig.  2.  Fig.  2(a)  shows  the  initial  hysteresis 
loop  of  the  BaTi03  crystal.  The  hysteresis  loop 
shown  in  Fig.  2(b)  was  taken  after  first  poling  the 
BaTi03  crystal  to  the  +  Pj.  and  then  subjecting  the 
capacitor  to  a  —  6  V/UV  combination.  (The  illu¬ 
minated  electrode  was  biased  negatively  with  re¬ 
spect  to  the  grounded  bottom  electrode.)  This 
bias/UV  treatment  has  clearly  suppressed  the 
amount  of  switchable  polarization.  This  suppressed 
state  is  described  as  optically  written.  The  optically 
written  state  can  also  be  achieved  by  a  positive 
bias/UV  treatment  (the  positive  bias  is  applied  after 
poling  the  capacitor  to  —  P^).  In  either  case,  we 
find  that  the  amount  the  switchable  polarization  is 
suppressed  strongly  depends  on  the  bias  voltage 
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during  illumination  [4, 1 1].  The  effect  is  maximized 
by  partially  switching  the  domains  with  a  bias 
below  the  coercive  voltage  (the  voltage  when  the 
polarization  is  =  0).  (The  photo-induced  switching 
vs.  suppression  phenomena  are  discussed  below.) 
The  optically  written  state  can  also  be  erased  by 
illuminating  the  samples  with  UV  light  while  ap¬ 
plying  the  opposite  saturating  bias  (a  bias  corres¬ 
ponding  to  the  saturation  voltage)  to  which  the 
sample  was  originally  written,  or  by  illuminating 
the  samples  with  bandgap  light  while  cycling 
around  the  hysteresis  loop.  Fig.  2(c)  illustrates  the 
particular  case  in  which  the  BaTi03  crystal  was 
erased  by  a  +25  V/UV  combination. 

Comparable  photo-induced  hysteresis  effects  are 
also  observed  in  PLZT  materials  as  illustrated  in 
Fig.  3.  The  only  difference  is  that  the  photo- 
induced  suppression  observed  in  Fig.  3(b)  was 
induced  by  a  —15  V/UV  combination  and  that 
optical  erasure  was  achieved  by  a  +  350  V/UV 
combination  (Fig.  3(c)).  The  photo-induced  PLZT 
hysteresis  effects  have  been  observed  by  a  number 
of  other  investigators  [1-6],  we  simply  use  BaTi03 
to  show  that  similar  photo-induced  effects  are  ob¬ 
served  in  two  different  ferroelectric  materials. 

Following  optical  writing,  a  thermal  anneal  can 
rejuvenate  the  switchable  polarization  in  both  fer¬ 
roelectric  materials.  The  isochronal  anneals  were 
performed  in  air  for  15  min.  Complete  restoration 
of  Pj.  occurs  when  the  anneal  temperature 


P  -320  -160  0  160  320 


Voltage  (V) 

Fig.  3.  P  V  measurements  of  poly-crystalline  PLZT  ceramic 
plates  subjected  various  charge  injection  scenarios;  (a)  initial, 

(b)  —  75  V/UV  combination  (electron  injection),  and 

(c)  subsequent  +  350  V/UV  combination  (hole  injection). 


exceeds  the  Curie  temperature  in  both  the 
BaTi03(  ^  120°C)  and  PLZT  (  180°C)  samples. 

Fig.  4  shows  that  the  BaTi03  crystal  can  be 
repeatedly  written  and  erased  using  a  suitable 
bias/UV  approach.  As  mentioned  earlier,  and  illus¬ 
trated  in  Fig.  4,  the  samples  can  be  optically  written 
with  either  a  positive  bias/UV  or  negative  bias/UV 


5  7  i - ^ - f— H - 1 - -4 - 1 - ^ - h 

initial  ffv/UV  cveie  -5V/U\'  cycle  6V/UV  -TSV/UV  -5\VUV  6V7UV'  -25V/L'\' 


Fig.  4.  Repetitive  writing  and  erasing  of  the  BaTiOs  crystal  using  various  bias/UV  combinations.  The  line  is  drawn  as  a  guide  for  the 
eye. 
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combination.  Fig.  4  also  illustrates  one  anomaly 
with  respect  to  the  optical  writing  phenomenon  in 
BaTi03.  If  the  crystal  is  erased  with  the  opposite 
saturating  bias  with  which  it  was  written  (rather 
than  cycling  around  the  hysteresis  loop  while  il¬ 
luminating),  then  subsequent  writing  can  only  oc¬ 
cur  with  a  bias  of  the  same  sign  as  the  original 
writing  bias.  For  example,  during  the  sixth  charge 
injection  sequence,  when  the  capacitor  was  written 
with  a  +6  V/UV  treatment,  and  subsequently 
erased  by  a  —  25  V/UV  treatment,  then  it  can  only 
be  subsequently  written  with  a  positive  bias/UV 
process.  A  negative  (  —  5  V)  bias/UV  combination 
is  no  longer  able  to  optically  write  the  BaTi03 
crystal.  It  appears  that  the  sample  ‘remembers’  how 
it  was  written  and  erased  even  though  erasure  ap¬ 
pears  to  restore  the  hysteresis  loop  back  to  its 
initial  state.  This  remembering  peculiarity  was  ex¬ 
ploited  in  Fig.  1.  To  observe  the  photo-assisted 
domain  switching  without  accompanying  polariza¬ 
tion  suppression,  the  sample  was  first  written  with 
a  —  6  V/UV  combination  and  then  erased  with 
a  +50  V/UV  combination.  Hence,  when  the 
sample  was  subsequently  subjected  to 
a  +  10  V/UV  combination  to  observe  the  photo- 
assisted  switching,  no  polarization  suppression  oc¬ 
curred.  This  anomalous  effect  is  not  observed  in 
PLZT  materials  (not  shown).  Nonetheless,  these 
results  demonstrate  that  the  photoferroelectric  hys¬ 
teresis  effects  are  reversible;  the  ferroelectric  capaci¬ 
tors  can  be  repeatedly  written  and  erased  using 
a  suitable  bias/UV  approach. 


5.  Discussion 

For  an  account  of  these  photo-induced  changes 
we  consider  the  interaction  between  the  photo¬ 
generated  carriers  and  the  differing  domain  config¬ 
urations  [3,4].  Domain  boundaries  that  have  a  po¬ 
larization  discontinuity,  i.e.,  90°  boundaries,  or  per¬ 
haps  head-to-head  configurations  are  reasonable 
trapping  sites  for  the  photo-generated  carriers.  The 
domain  can  no  longer  switch  since  the  trapped 
charge  inhibits  its  motion,  thereby,  reducing  the 
amount  of  switchable  polarization.  The  suppressed 
polarization  is  restored  to  its  initial  state  if  the 


trapped  carriers  recombine  with  carriers  of  the  op¬ 
posite  sign.  There  appears  to  be  a  link  between  the 
domain  pinning  effect  in  these  BaTi03  crystals  and 
isolated  Fe^^  centers  [11].  We  found  that  changes 
in  the  switchable  polarization  by  the  bias/UV  com¬ 
bination  are  also  accompanied  by  changes  in  the 
isolated  Fe^^  density  via  carrier  trapping  at  this 
site.  The  nature  of  the  electronic  traps  responsible 
for  the  domain  pinning  in  the  PLZT  ceramics  are 
still  undetermined  [3,4]. 

It  has  been  known  for  some  time  that  PLZT  is 
a  suitable  medium  for  optical  storage.  Two  mater¬ 
ial  requirements  for  an  optical  storage  medium  are 
that  the  (1)  light  can  create  a  change  in  the  material 
and  (2)  that  this  change  can  be  optically  detected. 
We  have  shown  that  the  light  in  combination  with 
a  bias  can  substantially  affect  the  polarization  state 
of  the  ferroelectric.  Light  can  be  used  to  monitor 
the  change  in  the  polarization  state  via  birefrin¬ 
gence;  therefore,  it  appears  as  though  BaTi03 
should  satisfy  both  criterion. 


6.  Conclusions 

We  have  demonstrated  large  intrinsic  photo- 
induced  hysteresis  effects  in  BaTi03  crystals  by 
a  combined  bias/UV  combination.  These  photo- 
ferroelectric  effects  have  now  been  observed  in  two 
ferroelectric  materials  (BaTi03  and  PLZT).  Last, 
these  results  re-inforce  the  notion  that  charge  trap¬ 
ping  centers  can  suppress  the  switchable  polariza¬ 
tion  by  locking  certain  domain  config¬ 
urations. 
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Abstract 

Optical  characterization  of  thin  films  of  Pb0-Ti02  and  Pb0-Zr02,  prepared  via  the  sol-gel  route,  is  presented. 
Linear  optical  properties  of  the  thin  films  have  been  studied  by  spectral  analysis  in  the  range  of  visible  and  near  infrared. 
A  non-linear  thermal  characterization  through  z-scan  technique  is  presented. 


1.  Introduction 

Chemical  derived  (sol-gel)  thin  films  are  receiv¬ 
ing  increasing  attention  because  of  their  electrical 
and  optical  properties.  Among  such  films,  ferroelec¬ 
tric  ceramics  appear  to  offer  particular  promises  for 
device  applications  [1].  To  date  major  emphasis 
has  been  focused  on  Pb0-Ti02  and  Pb0-Zr02 
systems  [1],  where  a  comparison  between  sputtered 
and  sol-gel  derived  lead  zirconate  titanate  films 
shows  that  the  latter  films  have  generally  superior 
ferroelectrical  (FE)  properties. 

In  the  present  paper  optical  properties  of  thin 
films  prepared  in  the  system  Pb0-Ti02  and 
Pb0-Zr02  via  the  sol-gel  route  are  presented. 
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Lead  acetate,  titanium  isopropoxide  and  zirco¬ 
nium  n-propoxide  were  used  as  precursor  com¬ 
pounds:  molar  ratios  Pb0-Ti02  and  Pb0-Zr02 
were  chosen  equal  to  1:1.  Films  were  deposited 
from  the  sol  on  glass  substrates  by  the  dipping 
method.  Thermal  treatments  were  performed  at 
100,200  and  300°C  to  start  the  film  densification 
and  formation  of  microcrystallites. 

Linear  optical  properties  of  the  prepared  thin 
films  have  been  studied  by  a  spectral  analysis  in  the 
visible  and  near  IR  ranges. 

2.  Optical  spectral  analysis 

The  optical  transmission  has  been  studied  ex¬ 
perimentally  using  a  spectrometer  in  the  visible  and 
near  IR  range  from  300  to  1100  nm. 

To  compare  theory  and  experiments,  we  have 
applied  a  suitable  expression  of  the  spectral 
transmissivity  through  a  three-layer  system  [2], 
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where  1  labels  the  air  region,  2  labels  the  glass  layer, 
and  3  labels  the  substrate,  pfj  =  ((//j  —  Uj)^ 
+  kj)/{{ni  +  Hjf  +  /cj),  Bj  is  the  real  part  of  the 
refractive  index  of  the  material,  kj  is  the  extinction 
coefficient  which  is  proportional  to  the  absorption 
coefficient,  tan  0,^  =  2kjni/(nj  +  kj  —  nf\  if.  =  4nj/ 
{{Uj  +  Hi)^  +  kj),  and  rj  is  the  film  thickness. 

To  Eq.  (1),  to  fit  theory  and  experiment,  we  have 
included  a  spectral  absorption  dispersion,  mainly 
associated  with  the  titania  component  of  the  glass. 
The  optical  transmission  spectrum  for  the  zirconate 
films  is  shown  in  Fig.  1.  We  observe  that  the  ther¬ 
mal  treatment  of  the  samples  influences  the  optical 
transmission:  a  large  number  of  oscillations  is  pres¬ 
ent  for  the  sample  treated  at  300“C.  The  number  of 
oscillations  in  the  spectrum  is  related  to  interfer¬ 
ence  in  the  film.  From  the  fit  between  theory  and 
experiment  we  obtain  the  values  of  refractive  index 
and  sample  thickness  shown  in  Table  1. 

The  spectral  transmission  of  titanate  films  is 
shown  in  Fig.  2.  We  observe  that  the  thermal  treat¬ 


ment  induces  only  a  small  shift  in  the  position  of 
the  maximum  transmission  value.  The  data  from 
the  fit  are  shown  in  Table  2,  where  the  absorption 
coefficient  is  assumed  to  behave  as 


In  conclusion,  we  observe  that  the  thermal  treat¬ 
ment  influences  the  spectral  properties  of  films  pro¬ 
ducing  an  increase  of  the  refractive  index. 


Tabic  1 

Extinction  coefficient,  k,  refractive  index,  n,  and  film  thickness,  i/, 
for  zirconate  films 


k 

n 

//  (pm) 

PZl  (lOO  C) 

0 

1.85 

0.345 

PZ2  (200  C) 

0 

2.1 

0.325 

PZ3  (300  C) 

0.01 

2 

0.270 

A  (  H  m) 


Fig.  1.  Optical  transmission  spectrum  of  zirconia  films:  □,  PZl;  +  .  PZ2;  O,  PZ3. 
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Fig.  2.  Optical  transmission  spectrum  of  titania  films:  □,  PTl;  +  ,  PT2;  O,  PT3, 


Table  2 

Extinction  coefficient,  /cq,  refractive  index,  n,  and  film  thickness, 
}],  for  titanate  films 


^0 

n 

rj  (fim) 

PTl  (lOOX) 

0.01 

1.85 

0.280 

PT2  (200"C) 

0.01 

2 

0.270 

PT3  (300X) 

0.01 

2 

0.270 

3.  Thermal  non-linear  behaviour 

The  thermal  non-linear  behaviour  of  the  refrac¬ 
tive  index  of  the  samples  examined  has  been  evalu¬ 
ated  through  the  z-scan  technique.  This  technique 
is  based  on  the  principle  of  spatial  beam  distortion 
[3]:  using  a  single  laser  beam  in  a  tight  focus 
geometry,  the  transmittance  through  the  non-linear 
medium  in  the  ‘far  field’  is  measured,  as  a  function 
of  the  sample  position  z,  with  respect  to  the  focal 
plane  of  the  lens.  The  measurement  can  be  under¬ 
stood  assuming  the  material  with  its  non¬ 
linear  refractive  index  change  acts  as  a  variable  focus 
lens.  A  negative  self-lens  prior  to  focus  will  tend 
to  collimate  the  beam,  causing  a  beam  narrowing 


at  the  aperture,  which  results  in  an  increase 
in  the  measured  transmittance.  With  the  sample 
on  the  +  z  side  of  the  focus,  the  negative  lens 
effect  tends  to  increase  diffraction,  and  the  aperture 
transmittance  is  reduced.  For  still  larger  -h  z 
the  irradiance  is  reduced  and  the  transmitt¬ 
ance  recovers  the  original  linear  value.  The  approxi¬ 
mate  null  at  z  =  0  is  analogous  to  placing  a 
thin  lens  at  the  focus  that  results  in  a  minimal 
far-field  pattern  change.  A  positive  non-linearity 
results  in  the  opposite  effects:  lowered  transmittance 
for  the  sample  in  the  negative  z  and  enhanced 
transmittance  at  positive  z  (see  Ref.  [3]).  This 
technique  is  able  to  give  information  not  only  on 
the  sign  of  the  non-linearity  but  also  on  its  magni¬ 
tude. 

For  a  cubic  or  a  thermal  non-linearity  we 
have 

n  =  no  +  An  ^  Ho -\-  n2\I\^  =  «o  +  {dn/dT^)  ATc, 

(3) 

where  no  is  the  linear  refractive  index,  /  the  light 
intensity  and  the  temperature.  When  we  con¬ 
sider  a  Gaussian  beam  travelling  in  the  +  z  direc¬ 
tion  we  can  evaluate  the  non-linear  phase  of  the 
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Fig.  3.  z-scan  transmission  test  for  PZ3  film. 


electric  field  of  the  laser  beam  as 


4.  Conclusions 


/  a 


where  a  is  the  sample  linear  absorption  and  ;;  its 
thickness.  The  transmittance  difference  between 
peak  and  valley  is  proportional  to  the  phase  change: 

AT 


and  by  the  help  of  this  equation  the  non-linear 
refractive  index  can  be  derived  within  an  ex¬ 
perimental  error  of  3%. 

The  z-scan  measurements,  by  using  a  c.w.  Ar 
source  at  514  nm,  on  our  samples  provided  good 
results  only  for  the  PZ3  sample  (see  Fig.  3),  where 
we  found  a  refractive  index  change  An  =  2.5  x  10^, 
corresponding  to  ^2  =  1.17  x  10“^cm^/W,  These 
values  have  been  obtained  by  using  i]  =  345  nm 
and  /  =  2.2  X  10^  W/cm^ 


Optical  transmission  properties  of  Pb0-Ti02 
and  Pb0-Zr02,  films  have  been  studied,  obtaining 
the  refractive  index  value  and  thickness  of  films, 
which  received  a  different  thermal  treatment.  Also 
a  preliminary  non-linear  refractive  index,  of  ther¬ 
mal  origin,  has  been  estimated,  but  only  for  the 
PZ3  sample. 
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Abstract 

Ion-solid  chemistry  approached  from  structural  defects  produced  by  implantation  is  summarized  for  implanted 
amorphous  Si02  (a-Si02).  The  primary  factor  controlling  the  chemical  interaction  of  implanted  ions  with  substrate 
structure  is  the  electronegative  nature  of  implants.  Implants  with  electropositive  nature  (M)  pull  oxygens  out  from  the 
silica  network  structure  to  form  M-O  bonds,  leaving  Si-Si  bonds  at  concentrations  comparable  to  those  of  the  implant, 
whereas  implants  (A)  with  electronegative  nature  react  chemically  with  Si  atoms  to  form  Si-A  bonds,  forming 
O2  molecules  and  peroxy  radicals.  Implants  with  weak  chemical  reactivity  occur  in  a  neutral  state  such  as  diatomic 
molecules  and  elementary  colloids.  The  importance  of  Si-Si  bonds  as  an  active  intermediate  in  dual  implantation  is 
stressed  illustrating  the  formation  of  Si-N  bonds.  The  effectiveness  of  ion  implantation  as  a  tool  to  fabricate  nanosize 
colloids  embedded  in  glass  is  demonstrated  and  a  criterion  of  colloid  formation  in  a-Si02  by  implantation  established. 
The  morphology  and  optical  absorptions  of  Cu  colloid  particles  have  been  found  to  be  modified  by  subsequent 
implantation  of  F  ions,  and  the  mechanism  is  considered  on  the  basis  of  ion-solid  chemistry.  Formation  of  and  nature  of 
nanosize  colloids  of  a-phosphorus  and  a  novel  approach  to  synthesize  Ge  nanocrystals  are  briefly  deseribed. 


1.  Introduction 

Ion  implantation  is  a  processing  technique  to 
significantly  modify  surfaces  and  near-surface 
properties  of  materials.  Implantation  in  amorphous 
materials  has  been  mainly  used  to  modify  optical 
properties  such  as  refractive  index  [1].  Various 
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phenomena  specific  to  implants  such  as  the  forma¬ 
tion  of  compounds  between  implants  and  constitu¬ 
ents  of  substrates  and  colloid  formation  of  implants 
are  known  as  chemical  effects.  Understanding  and 
utilization  of  these  phenomena  are  keys  to  effective 
modification  of  amorphous  materials  and  prepara¬ 
tion  of  novel  photonic  glasses.  For  example,  the 
increment  of  refractive  index  of  Si02  glasses  im¬ 
planted  with  N  ions  is  greater  by  several  times  than 
that  with  other  ions.  This  is  explained  as  due  to 
formation  of  high  index  clusters  or  phases  such  as 
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SiON  and  Si3N4  besides  densification  effects  which 
commonly  occur  in  implanted  with  SiO^  glasses  [2]. 
To  elucidate  these  chemical  effects  is,  therefore,  in¬ 
dispensable  for  a  comprehensive  understanding  of 
ion-beam  interactions  with  solids  and  conclusions 
obtained  should  be  a  fundamental  basis  of  ion-beam 
modification  of  amorphous  materials  as  well  as  cre¬ 
ation  of  new  photonic  glasses.  Various  types  of 
structural  defects  are  produced  in  glasses  along  their 
trajectories  as  a  consequence  of  the  interaction  of  ion 
beams  with  amorphous  materials.  We  have  exam¬ 
ined  structural  defects  produced  by  implantation 
and  approached  ion-solid  chemistry  in  implanted 
amorphous  Si02  on  the  basis  of  the  results  obtained. 

In  recent  years  nanometer-sized  metals  and 
semiconductors  embedded  in  dielectrics  such  as 
glass  have  attracted  much  attention  because  of 
a  fundamental  interest  in  low-dimensional  proper¬ 
ties  of  the  electronic  states  and  novel  application  as 
photonic  switching  devices  based  on  large  third- 
order  optical  susceptibility.  Synthesis  of  these 
nanocomposites  by  means  of  ion  implantation  has 
now  been  demonstrated  [3]  and  a  criterion  [4]  to 
predict  the  colloid  formation  in  Si02  glasses  has 
been  proposed.  A  variety  of  nanosized  colloid  par¬ 
ticles  including  materials  chemically  active  in  ambi¬ 
ent  atmosphere  such  as  amorphous  red  phosphorus 
[5]  can  be  fabricated  by  ion  implantation  without 
post  thermal  annealing.  Implantation  is  a  process 
which  fits  well  with  technologies  for  microelec¬ 
tronics  such  as  fine  patterning  and  carrier  doping 
into  semiconductors.  It  is,  therefore,  considered 
that  ion  implantation  is  a  very  promising  technique 
to  synthesize  these  nanocomposite  materials  for 
photonic  applications. 

The  reasons  why  amorphous  Si02  (a-Si02)  was 
chosen  as  a  substrate  are  as  follows.  (1)  It  has 
a  simple,  stoichiometry  and  the  fewest  impurities. 
(2)  Point  defects  are  simple  due  to  the  strong  local¬ 
ization  of  electrons.  Knowledge  about  diamagnetic 
defects  as  well  as  paramagnetic  defects  in  a-Si02 
has  accumulated  over  the  past  three  decades  [6].  (3) 
a-Si02  has  a  less  dense-packed  structure  composed 
of  building  units  of  Si04  tetrahedra,  hence  it  is 
possible  to  identify  and  quantify  molecular  species, 
which  are  expected  to  be  created  during  implanta¬ 
tion  as  an  interstitial  defect  by  using  a  vacuum 
extraction  technique  at  elevated  temperatures.  (4) 


In  terms  of  applications  a-Si02  is  a  key  material  in 
MOS-type  semiconductor  devices  and  optical  parts 
for  excimer  lithography. 

In  this  paper  I  summarize  ion-solid  chemistry 
approached  from  structural  defects  in  implanted 
a-Si02  and  show  some  examples  of  the  formation 
and  modification  of  nanosize  colloid  particles  by 
implantation. 

2.  Outline  of  experimental  procedures 

Substrates  used  were  Si02  glasses  (OH  contents: 

4  X  10^*^  cm”^)  prepared  by  hydrolysis  of  SiC^  with 
an  O2-H2  flame.  ‘Wet'  silica  is  very  favorable  be¬ 
cause  some  ‘dry'  silica  glasses  exhibit  an  intense 
absorption  band  peaking  at  7.6  eV  [7],  which  ob¬ 
scures  the  effects  we  are  looking  for,  even  in  the 
as-delivered  state.  Substrates  (1  cm  x  1  cm  x  0.1  mm 
thick)  were  implanted  at  room  temperature 
with  Li^B^C ^N^O^F  +  ,Si^  P  +  ,TiTCr^ 
and  Cir.  Fluence  ranges  from  0.5x10^^  to 

5  X  10^^cm~“,  and  acceleration  voltage  and  dose 
rate  were  160  kV  and  ^2.5  p  A/cm",  respectively, 
unless  otherwise  noted. 

Vacuum  ultraviolet  (VUV)  UV  absorption 
spectra  were  measured  for  substrates  before  and 
after  implantation.  Electron  paramagnetic  reson¬ 
ance  (EPR)  spectra  were  measured  at  300  and  77  K 
in  the  X-band.  Fourier-transform  infrared  at¬ 
tenuated  total  reflection  spectroscopy  (FTIR/ATR) 
was  used  to  examine  changes  in  surface  structures 
with  implantation  [8].  Gas  species  desorbed  from 
implanted  substrates  upon  heating  were  analyzed 
with  a  thermal-gas  analyzing  instrument  (Ushio, 
Tokyo,  Japan)  [9],  which  consists  of  a  high  vacuum 
system,  a  quadrupole  mass  filter  and  an  electric 
furnace.  Transmission  electron  microscopy  (TEM) 
observation  was  made  on  thinned  specimens,  ap¬ 
plying  an  acceleration  voltage  of  300  kV.  Detailed 
sample  preparation  procedures  for  cross-sectional 
observation  were  described  in  Ref.  [10].  Ion-thin¬ 
ning  technique  could  not  be  used  for  preparation  of 
P-implanted  specimens  because  phosphorus  collo¬ 
ids  were  easily  evaporated  away  during  the  ion¬ 
thinning  process.  In  this  case,  observation  was 
made  on  the  edges  of  thin  leaves  peeled  by  scratch¬ 
ing  the  implanted  surface  with  a  diamond  pencil. 
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Fig,  1.  Two  types  of  neutral  oxygen  vacancy  in  a-Si02. 


3.  Two  types  of  oxygen-deficient  defects  in  a-Si02 

Since  oxygen-deficient  type  defects  provide 
a  novel  clue  to  understand  ion-solid  chemistry  in 
implanted  Si02,  their  models  and  properties  are 
briefly  described.  Arnold  [11]  proposed  a  model 
of  a  neutral  oxygen  vacancy  (NOV)  coordinated 
by  two  Si  atoms,  suggesting  that  the  NOV  gives 
an  absorption  band  centered  at  5  eV.  O’Reilly 
and  Robertson  [12]  calculated  the  energy  of  two 
types  of  oxygen-deficient  defects,  ODC(I)  and  (II) 
as  shown  in  Fig.  1.  The  separations  between  two 
Si  atoms  in  ODC(I)  and  (II)  are  close  to  that  of 
Si2H6  molecule  and  Si-O-Si  bond  in  silica, 
respectively.  According  to  their  calculations, 
ODC(I)  and  ODC(II)  give  optical  bands  near  7,5 
and  5  eV,  respectively.  Since  these  ODCs  may  be 
regarded  as  relaxed  and  unrelaxed  oxygen  va¬ 
cancies,  ODC(I)  and  ODC(II)  are  called  a  Si-Si 
bond  and  a  neutral  oxygen  vacancy  (NOV),  respec¬ 
tively,  hereafter. 

Experimental  evidence  for  these  two  ODC  mod¬ 
els  were  obtained  by  Imai  et  al.  [13].  They  showed 
selective  bleaching  of  5  eV  band  in  oxygen-deficient 
Si02  glasses  which  exhibit  absorption  bands  at  7.6 
and  5  eV  in  the  as-delivered  state,  with  KrF  laser 
light  (5  eV).  Hosono  et  al.  [14]  proposed  direct 

- ^ 

Fig.  2.  Experimental  evidence  for  the  Si-Si  bond  model  of  the 
7.6  eV  band  in  a-Si02  (a)  Changes  in  the  VUV  spectra  of 
oxygen-deficient  type  Si02  glass  with  heat  treatment  in  H2  at¬ 
mosphere.  — ,  before  treatment; - ,  H2-treated  at  1000°C  for 

1  h;  .  .  .  .  ,  H2  treated  at  800°C  for  1  h.  (b)  Effectively  induced 
infrared  absorption  spectrum  which  was  obtained  by  subtract¬ 
ing  the  spectrum  before  treatment  from  that  after  H2-treatment. 
A  band  centered  at  2260  cm  “  ^  is  due  to  the  bond  stretching 
mode  of  =  Si-H.  (c)  Correlation  between  the  decrease  in  the 
absorption  coefficient  (a7.6  eV)  of  the  7.6  eV  band  and  the  in¬ 
crease  in  the  absorption  coefficient  (a226ocm“‘)  of  the 
2260  cm”  F  The  temperature  of  H2  treatment  is  indicated  near 
the  data  points. 


evidence  for  the  Si-Si  bond  model  of  the  7.6  eV 
band  using  a  reaction  of  H2  gas  with  Si-Si  bonds  in 
oxygen-deficient  type  Si02  glasses,  i.e.,  they  found 
a  decrease  in  the  intensity  of  the  7.6  eV  band 
(Fig.  2(a))  and  an  appearance  of  Si-H  bonds 
(2260  cm  "^)  (Fig.  2(b))  upon  heating  samples  in 
H2  gas.  Although  the  magnitude  of  the  decrease  in 
the  intensity  of  the  7.6  eV  band  does  not  change 
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monotonically  with  temperature,  a  close  correla¬ 
tion  is  seen  between  the  decrease  in  the  7.6  eV  band 
and  an  increase  in  the  Si-H  band  (Fig.  2(c))  at  each 
temperature.  These  results  can  be  explained  by  the 
following  reaction; 

=  Si  -  Si  =  -h  H2^  =  Si~H  +  H-Si  =  .  (1) 

The  absorption  cross-section  evaluated  was 
7.3xl0"^^cm“  using  the  slope  of  Fig.  2(c)  and 
a  value  of  35  1  mol  “  ^  cm  “  ^  for  the  molar  extinction 
coefficient  of  the  Si-H  band  was .  This  value  is  close 
to  that  (6xl0^^cm'^)  of  the  7.56  eV  band  of 
a  Si2H6  molecule  containing  a  Si-Si  bond,  which  in 
turn  substantiates  the  validity  of  the  model. 

The  Si-Si  bond  configuration  is  more  stable  than 
the  oxygen  vacancy  configuration.  These  two  types 
of  configurations  are  considered  to  be  in  an  equilib¬ 
rium  state  and  the  enthalpy  difference  evaluated  by 
an  experiment  is  1  eV  [13].  In  bulk  a-Si02  (Ac¬ 
tive  temperature  is  -- 1300  K)  the  equilibrium  con¬ 
stant  K  is  of  the  order  of  10“^  [13]. 


Fig.  3.  Energy  depositions  {upper  left)  calculated  with  a  TRIM 
code  and  depth  concentrations  (right)  of  E'-type  center  asso¬ 
ciated  with  a  Si-Si  bond  and  peroxy  radical  (FOR).  Sample; 
a-Si02  implanted  with  Cr^  to  0.5xl0*^cm““  at  160keV. 
Examples  of  changes  in  EPR  spectra  with  etching  (lower  left). 
Spectrometer  sensitivity  is  kept  unchanged,  a,  before;  b,  after 
4  min  etching  with  5%  HF.  A  closed  circle  and  an  arrow  indicate 
characteristic  resonance  fields  of  FOR  and  E'-type  signals,  re¬ 
spectively. 


4.  Chemical  interaction  of  implanted  ions  with  the 
substrate  structure 

Various  types  of  structural  defects  are  created  by 
implantation.  What  is  the  predominant  factor  con¬ 
trolling  this  defect  formation?  Dose  ranges  we  will 
focus  on  here  are  over  10^^  cm“^.  In  such  a  dose 
range  cascades  of  each  ion  heavily  overlap  with 
each  other  as  shown  by  an  experiment  by  Devine 
and  Golanski  [15].  Let  us  consider  energy  depo¬ 
sition.  Fig.  3  shows  an  example  of  paramagnetic 
defects  produced  by  implantation  of  Cr  ions.  Depth 
concentrations  of  PORs  (Si-O-O  *  or  O2  )  [16]  and 
E'-type  centers  (-Si  =  Si„03_„,  where  n  is  1  and/or 
2)  [17,18]  appear  to  be  complementary  with  each 
other.  The  concentrations  of  both  centers  are  not 
monotonic.  The  highest  concentration  of  PORs  is 
in  the  range  of  the  peak  of  the  distribution  of  the 
implanted  ions.  It  has  been  demonstrated  that  the 
POR  is  created  in  a-Si02  by  dense  electronic  exci¬ 
tation  via  self-trapped  excitons  [19,20].  Thus,  if 
energy  deposition  is  the  major  factor,  it  is  expected 
that  the  depth  concentration  of  POR  is  close  to  the 
profile  of  electronic  energy  deposition  as  shown  in 
Fig.  3  (upper  left).  However,  the  observed  profile  is 


opposite  to  the  expectation.  It  is,  therefore,  sugges¬ 
ted  that  energy  deposition  is  not  the  predominant 
factor  in  the  defect  formation  in  a-Si02  by  im¬ 
plantation  of  non-rare  gas  ions. 

4.1.  Predominant  defects  produced  by  implantation 

Fig.  4  (left)  shows  an  example  of  VUV  absorp¬ 
tions  induced  by  implantation.  An  absorption  band 
is  seen  at  around  7.6  eV  and  its  intensity  strongly 
depends  on  implants.  Intensities  of  F-  and  O-im- 
planted  specimens  are  smaller  by  an  order  of  mag¬ 
nitude  than  those  samples  implanted  with  other 
ions.  It  is  known  that  two  defects  with  entirely 
different  nature  give  an  absorption  band  peaking  at 
--7.6eV  in  amorphous  Si02:  (a)  peroxy  radical 
(POR)  [16],  which  is  paramagnetic,  and  an  oxygen- 
surplus-type  defect,  (b)  Si-Si  bond  [14],  which  is 
diamagnetic,  and  an  oxygen-deficient-type  defect. 
Since  molar  extinction  coefficients  of  the  POR 
(5  X  10"^  1  mol  ”  ^  cm ‘  ^)  and  the  Si-Si  bond  (2  x  10"^) 
were  already  reported  and  concentrations  of  the 
POR  can  be  evaluated  separately  by  EPR  spectra 
measured  at  low  temperatures,  it  may  be  possible 
to  calculate  the  contribution  of  PORs  and  Si-Si 
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Fig.  4.  Implantation-induced  VUV  (left)  and  UV  (right)  absorptions.  Photoluminescence  spectra  were  also  shown  along  with  induced 
UV  absorption.  Ex;  excitation,  Em:  emission.  Sample  a:  P^-;  b:  F^-implanted  a-Si02.  Acceleration  voltage:  160 kV;  fluence: 
3x  lO^^crn'l 


bonds  to  the  intensities  of  the  7.6  eV  band.  Concen¬ 
trations  of  PORs  in  F-  and  O-implanted  specimens 
were  larger  by  several  orders  of  magnitude  than 
those  in  other  ion-implanted  specimens.  Peak  in¬ 
tensities  of  the  7.6  eV  band  calculated  from  the 
concentrations  of  PORs  in  these  samples  implanted 
with  F  and  O  ions  are  comparable  to  observed 
intensities,  but  are,  at  most,  3%  in  the  samples 
implanted  with  other  ions.  Concentrations  of  Si-Si 
bonds  calculated  from  intensities  of  PORs  by  sub¬ 
tracting  the  concentration  of  PORs  are  quite  large 
and  are  comparable  to  those  of  implanted  ions  in 
the  latter.  Fig.  4  (right)  shows  a  comparison  of 
photoluminescence  spectra  of  B-  and  F-implanted 
specimens.  It  is  evident  that  although  UV  absorp¬ 
tion  bands  (with  different  intensities)  at  around 
5  eV  are  seen  in  both  specimens,  there  is  a  distinct 
difference  between  photoluminescence  spectra  of 
these  two  specimens,  i.e.,  the  peak  of  photoemission 
bands  from  the  B-  and  F-implanted  appears  at  4.3 
and  1.9  eV,  respectively.  The  4.3  eV  emission  was 
commonly  observed  for  all  the  specimens  except  for 
the  F-  and  O-implanted  specimens  but  the  1.9  eV 
luminescence  band  was  seen  only  for  the  F-  and 
O-implanted  specimens.  This  difference  indicates 
that  the  defect  responsible  for  the  absorption  near 
5  eV  in  the  F-  and  O-implanted  specimen  differs 
from  that  in  the  others.  The  4.3  eV  and  the  1.9  eV 
emission  bands  upon  excitation  with  5  eV  light  are 


known  to  be  attributed  to  a  neutral  oxygen  va¬ 
cancy  (NOV)  coordinated  with  two  silicon  atoms 
and  an  O3  molecule,  respectively  [6].  Since  the 
NOV  is  an  oxygen-deficient-type  defect  and  an 
ozone  molecule  is  an  oxygen-surplus-type  defect, 
the  results  of  these  photoluminescence  are  consis¬ 
tent  with  the  above  conclusions.  Fig.  5  shows 
changes  in  5  eV  band  in  and  Si '^-implanted 
substrates  with  illumination  of  5  eV  light.  The  5  eV 
bands  in  both  substrates  are  bleached  in  a  similar 
manner.  This  property  agrees  with  that  of  the 
NOV. 

Thermal  gas  desorption  measurements  of  im¬ 
planted  substrates  provide  novel  information 
about  predominant  defects  in  F-implanted  substra¬ 
tes.  They  revealed  that  although  F2  molecules  were 
not  desorbed,  release  of  O2  molecules  was  seen  in 
the  temperature  range  of  150-600°C.  No  percep¬ 
tible  release  of  O2  molecules  were  observed  for 
substrates  implanted  with  other  ions  except  with 
oxygen  ions.  Here  we  make  the  following  assump¬ 
tions  to  obtain  quantitative  relations  between  pro¬ 
duced  defects  and  implants:  (i)  fluorine  and  oxygen 
atoms  occur  nominally  as  —  1  and  —  2  charge 
states,  respectively,  and,  thereby,  an  oxygen  atom  in 
the  substrate  structure  is  replaced  by  two  im¬ 
planted  fluorine  atoms  due  to  the  requirement  of 
electroneutrality.  This  assumption  is  justified  be¬ 
cause  the  formation  of  Si-F  bonds  is  confirmed  by 
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Fig.  5.  Bleaching  of  implantation-induced  UV  absorptions  with  5  eV  light  from  a  Hg  discharge  lamp.  Dose:  3  x  10*^  cm  ^ 


FTIR/ATR  spectra  [8,21]  ;  (ii)  a  FOR  is  created  by 
reaction  of  a  recoil  oxygen  atom  with  the  silica 
network  structure.  Table  1  summarizes  concentra¬ 
tion  ratios  of  predominant  induced-defects  relative 
to  implants.  The  type  of  predominant  defects  is 
classified  into  three  groups,  (I)  Li,  B,C,  Si,  P,Ti,  Cr 
(II)  O,  F  (III)  N.  Fig.  6  shows  an  example  of  dose 
dependence  of  various  types  of  defects  produced  in 
a  Cr-implanted  substrate.  It  is  evident  that  the 
dominant  defect  is  a  Si~Si  bond  and  its  concentra¬ 
tion  is  comparable  to  those  of  implanted  ions  at 
each  dose.  The  concentration  ratio  of  the  NOVs  to 
Si-Si  bonds  is  ~0.1.  This  ratio  is  larger  by  about 
2  orders  of  magnitude  than  that  ( 1 0  “  ^)  reported  for 
bulk  a-Si02  with  oxygen  deficiency  [13],  sugges¬ 
ting  that  an  extremely  high  temperature  state  is 
realized  in  implanted  substrates.  In  N-implanted 
specimens  concentrations  of  Si-Si  bonds  or 
O2  +  FOR  are  much  less  than  those  of  implants. 
Although  NO2  molecules,  which  are  produced  by 
the  reaction  of  implanted  N  atoms  with  O  atoms  in 
the  lattice,  are  observed  by  EPR  [22],  their  concen¬ 
trations  are  only  1  %  of  implanted  N  atoms.  There¬ 
fore,  we  consider  from  the  data  of  XPS  [23]  and 
thermal-gas-analysis  [24]  that  a  major  fraction  of 
nitrogens  occur  as  N2  molecules  without  forming 
chemical  bonds  with  constituents  of  substrates  and 
the  remaining  fraction  occur  in  the  form  of  silicon 
oxynitrides.  An  indication  of  formation  of  N2  mol¬ 
ecules  as  the  major  product  is  also  seen  in  a  trap¬ 
ezoidal  shape  of  depth  profile  of  implanted  N  ions 
[23(b)].  Table  1  summarizes  concentrations  of  pre¬ 
dominant  defects  and  implanted  ions. 


Fig.  6.  Implantation-induced  structural  defects  in  a-Si02  as 
a  function  of  fluence  of  Cr^.  Acceleration  voltage:  160  kV. 


4.2,  Ion-solid  chemistiy 

Although  no  correlation  between  energy  depo¬ 
sition  and  the  above  three  groups  was  noted 
[24,25],  we  found  a  close  correlation  between  elec¬ 
tronegativities  (EN)  of  the  relevant  implants  and 
the  above  three  groups  (see  Table  1).  Implants  with 
EN  <  2.5  and  >  3.5  may  be  classified  into  groups 
I  and  II,  respectively.  This  finding  indicates  that  the 
electronegative  nature  of  implants  determines  the 
type  of  predominant  defects  created  by  implanta¬ 
tion.  Electropositive  implants  (M)  such  as  B  ions 
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Table  1 

Concentration  ratios  of  major  structural  defects  produced  by  implantation  relative  to  implants 


Implants 

(electronegativity) 

Li 

(1.0) 

B 

(2.0) 

C 

(2.6) 

N 

(3.0) 

0 

(3.5) 

F 

(4.0) 

Si 

(1-8) 

F 

(2.1) 

Ti 

Cr 

[Si-Si]*’ 

0.65 

0.83 

0.7 

-0.1 

<0.05 

<0.05 

1.6 

1.4 

1.0 

0.6 

[Implant] 

)i[0,]  +  ii/2[POR]'’ 

d 

0.49 

0.48 

[Implant] 

(0.46  +  0.03)" 

(0.38  +  0.03)" 

^  Brackets  denote  concentration. 

^  FOR  and  O2  are  assumed  to  be  created  from  one  and  two  oxygens  recoiled  from  substrates  of  a-Si02.  Two  F  ions  form  two  Si-F 
bonds,  recoiling  an  oxygen.  Thus,  n  is  taken  to  be  4  for  F  and  2  for  0. 

^The  former  and  the  latter  values  denote  rations  of  O2  and  FOR  to  implants,  respectively. 

Since  the  release  of  O2  gases  was  not  detected  at  a  temperature  <  500X.  It  is  not  possible  to  obtain  an  exact  ratio.  The  crude  value  of 
this  ratio  is  ~  10“4  neglecting  [0“], 


react  chemically  with  oxygen  atoms  in  the  substrate 
structure  to  form  M-O  bonds,  leaving  Si-Si  bonds 
at  concentrations  comparable  to  those  of  implants. 
On  the  other  hand,  electronegative  implants  (A) 
such  as  F  ions  knock  oxygens  out  from  the  network 
structure  to  form  Si-A  bonds  and  the  recoiled  oxy^ 
gens  combine  with  each  other  to  form  O2  molecules 
or  react  with  the  network  structures  to  form  PORs. 
When  the  chemical  interaction  of  implants  with  the 
silica  substrates  is  weak,  a  major  fraction  of  im¬ 
plants  occurs  in  a  neutral  state  such  as  elementary 
colloids  and  molecules  without  forming  chemical 
bonds  with  silicons  or  oxygens  in  the  substrate 
structure  [26].  Consequently,  concentrations  of 
Si-Si  bonds  or  the  total  concentrations  of  O2  mol¬ 
ecules  and  PORs  are  much  lower  than  those  of 
implants.  Nitrogen  is  an  example  of  this  category. 

5.  Si-Si  bonds  as  active  intermediate 

The  formation  of  Si-N  bonds  is  important  in 
optical  and  electrical  applications.  Since  the  major 
fraction  of  implanted  N  ions  occur  as  N2  molecules 
in  N-implanted  Si02,  implanted  N’s  are  easily  de¬ 
sorbed  upon  heating.  Dual  implantation  of  Si  (not 
limited  to  Si  as  will  be  stated  later)  and  N  ions 
results  in  efficient  Si-N  bond  formation  as  shown  in 
XPS  data  of  Fig.  7(a).  As  a  consequence,  the  stabil¬ 
ity  of  implanted  nitrogens  is  much  improved  as 


shown  in  Fig.  7(b).  The  mechanism  of  this  coim¬ 
plantation  effect  is  considered  from  a  viewpoint  of 
structural  defects.  Fig.  8  summarizes  concentra¬ 
tions  of  Si-Si  bonds  created  by  implantation  of 
relevant  ions.  Concentrations  of  Si-Si  bonds  are 
comparable  to  those  of  implanted  ions  in  Si  or 
P-implanted  substrates,  whereas  the  concentration 
ratio  of  Si-Si  bonds  to  implanted  ions  is  -^0.1  in 
N-implanted  substrates.  The  Si-Si  bond  concentra¬ 
tions  in  the  coimplanted  substrates  are  ^^45%  of 
the  sum  of  the  concentrations  in  either  implanted 
one.  Taking  into  consideration  a  mismatch  (ac¬ 
cording  the  calculations  with  the  TRIM  code,  the 
overlap  area  is  70-80%)  of  the  distribution  width 
of  implanted  Si  or  P  ions  and  N  ions,  it  is  con¬ 
cluded  that  the  Si-Si  bonds  are  converted  efficient¬ 
ly  into  Si-N  bonds  through  reactions  with  im¬ 
planted  N  ions.  High  reactivity  of  Si-Si  bonds  will 
be  related  with  that  of  Si  metals  with  N  ions. 
Silicon-silicon  bonds  are  produced  as  the  domi¬ 
nant  defects  in  a-Sio2  implanted  with  ions  with 
electropositive  nature  and  their  concentrations  are 
comparable  to  those  of  the  implanted  ions.  There¬ 
fore,  Si-Si  bonds  are  not  just  ‘defects’  but  may  be 
rather  regarded  as  a  main  product.  Although  few 
studies  have  been  carried  out  on  dual  implantation 
into  a-Si02  so  far,  we  expect  dual  implantation  will 
offer  novel  possibilities  to  fabricate  new  materials 
which  cannot  be  made,  or  are  difficult  to  obtain,  by 
other  conventional  techniques. 
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Fig.  7.  (a)  N  IS  X-ray  photoelectron  (XPS)  spectra  of  N-  and  Si  +  N  implanted  a-SiOi.  (b)  Thermal  desorption  spectra  of  N2  molecules 
from  N  and  Si  4-  N  implanted  a-SiO^.  Heating  rate:  5  K  min. 


Si-Si  CONCENTRATIONS  (relative) 

Fig.  8.  Comparison  of  Si . Si  bond  concentrations  in  (left)  Si-.  N-,  N  ->•  Si.  and  Si  -»■  N  or  (right)  P-,  N-.  N  ^  P,  and  P  N  implanted 

a-Si02.  The  third  datum  from  the  top  is  a  hypothetical  value  (simple  sum  of  the  concentrations  in  the  substrates  either  implanted  with  Si 
(or  P  or  N).  Acceleration  voltage:  160  kV  for  Si"^  and  P  * ,  90  kV  (chosen  so  as  to  meet  the  peak  depth  with  Si*  and  P*)for  N  F  Fluence: 
3  X  10^^  cm“-. 


6.  Formation  and  modification  of  nanosize  colloids 

Ion  implantation  has  several  advantages  over 
other  techniques  for  modification  of  surface  and 
near-surface  properties  of  glasses.  It  is  a  low  tem¬ 
perature  process,  provides  a  precise  control  of  pro¬ 
file  and  concentrations  of  desired  ions,  allows  the 
preparation  of  chemical  states  which  cannot  be 
realized  by  conventional  glass-melting  techniques, 
and  may  stabilize  chemically  unstable  states  under 
an  ambient  atmosphere  because  implants  exist  not 


on  surfaces  but  on  the  buried  layers  of  glasses. 
Nanoscale  semiconductor  and  metal  colloids  em¬ 
bedded  in  a  dielectric  such  as  a  glass  exhibit  large 
third-order  optical  susceptibility  and  picosecond 
response  time  arising  from  quantum  confinement 
effects.  These  properties  are  anticipated  to  be  ap¬ 
plicable  to  photonic  devices  such  as  a  switch  in 
optical  computing.  Therefore,  the  fabrication  of 
nanocomposites  composed  of  these  colloids  and 
glass  is  a  subject  of  current  interest.  Ion  implanta¬ 
tion  is,  undoubtedly,  a  favorable  method  to 
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fabricate  these  composites  because  of  its  advant¬ 
ages  described  above.  In  this  section,  I  describe 
a  simple  criterion  for  colloid  formation  and  forma¬ 
tion  and  modification  of  nanosize  Cu  and  other 
colloids  by  implantation. 

6.1.  Criterion  for  colloid  formation  by  implantation 

When  chemical  interaction  of  implanted  ions 
with  substrate  structures  is  weak,  a  major  fraction 
of  implanted  ions  do  not  react  chemically  with  the 
oxygens.  Consequently,  the  major  fraction  of  im¬ 
plants  occur  as  elementary  states  such  as  homo¬ 
molecules,  clusters  and  colloids.  It  is,  therefore, 
evident  from  the  ion-solid  chemistry  in  Section  4.2. 
that  a  weak  chemical  interaction  with  oxygens  is 
required  for  implants  to  form  their  elementary  col¬ 
loids.  In  the  criterion  for  the  colloid  formation  from 
implants  a  widely  available  physical  quantity  is 
needed  as  a  measure  of  this  chemical  interaction 
instead  of  the  concentration  ratio  of  Si-Si  bonds 
relative  to  implants.  I  proposed  [4]  the  free  energy 
of  oxide  formation  as  this  quantity  because  this 
data  has  been  compiled  for  most  elements  and  is 
easily  available  now.  Implant  ions  (M)  and  silicon 
ions  are  in  mutual  competition  to  attract  oxygens 
in  the  substrate  structure.  Colloid  formation  will 
occur  when  the  affinity  of  M  to  the  oxygen  is 
smaller  than  that  of  Si'^'^.  It  is,  therefore,  considered 
that  the  colloid  formation  occurs  when  the  stan¬ 
dard  free  energy  of  formation  of  oxides  of  an  im¬ 
plant,  AGf(M^02),  is  greater  than  that  of  Si02, 
AGf(Si02).  Since  AGf  is  a  function  of  temperature, 
a  temperature  is  needed  to  be  specified  to  compare 
AGf  (M^-02)  with  AGf  (Si02).  It  will  be  reasonable  to 
choose  the  fictive  temperature  Tf  of  implanted 
glass  layers  as  this  specified  temperature.  Energetic 
incoming  ions  dissipate  their  energies  in  a  very 
short  time  in  the  substrates.  It  is,  therefore,  ex¬ 
pected  that  an  extremely  high  temperature  state  is 
created  in  the  implanted  layers.  We  made  an  es¬ 
timation  of  the  Tf  of  implanted  layers  of  Si02 
glasses  by  two  different  ways,  i.e.  the  first  [17]  is  to 
use  information  about  two  types  of  oxygen-defi¬ 
cient  type  point  defects  (see  Section  2)  produced 
implantation,  and  the  second  [8]  is  based  on  in¬ 
formation  about  lattice  vibrations  of  the  silica  net¬ 
work.  These  two  ways  based  on  quite  different  basis 


gave  a  similar  Tf,  --3000  K,  which  is  almost  inde¬ 
pendent  on  doses  and  types  of  implants.  These 
values  were  determined  by  extrapolating  the  rela¬ 
tions  (which  had  been  measured  in  the  temperature 
range  up  to  '^ISOOK)  between  Tf  and  Tf-depen- 
dent  quantities  to  the  values  obtained  for  im¬ 
planted  specimens.  They  are  similar  to  the  Tf, 
which  was  estimated  by  the  same  procedures  using 
Tf-dependent  Raman  bands,  in  neutron-bom¬ 
barded  Si02  glass  [27].  It  was  suggested  that  real¬ 
ization  of  such  an  extremely  high  Tf  is  associated 
with  the  ‘thermal  spike’  model  of  particle  irradia¬ 
tion  damage.  Local  heating  due  to  energy  gener¬ 
ated  in  the  collision  of  energetic  ions  with  the 
substrate  melts  a  microscopic  volume  around  the 
sites  of  the  primary  knocked-on  atoms  and  their 
extremely  small  volumes  are  rapidly  quenched.  An 
extremely  high  fictive  temperature  in  the  implanted 
layers  creates  an  extremely  high  fraction  of  reduced 
states  of  implants  [28]  because  redox  equilibrium 
shifts  to  the  reduced  side  with  increasing  temper¬ 
ature  for  multivalence  ions.  From  the  above  dis¬ 
cussion  we  propose  the  following  criterion:  When 
the  standard  free  energy  of formation  of  the  oxides  of 
the  implant  M,  AGf  (Mx02),  is  greater  than  that  of 
SiOy,  AGf  (Si02  at  '^3000  K,  estimated  by  extrapo¬ 
lating  the  known  temperature  dependence  of  AGf, 
then  colloid  formation  of  implants  occurs  in 
glass.  Fig.  9  shows  AGf  (M;cC)2)  of  relevant  oxides  as 
a  function  of  temperature  (this  type  of  figure  is 
called  Effingham  diagram).  Colloid  formation  in 
a-Si02  by  implantation  was  observed  for 
Au,  Cu,  Sb,  Ge,  P  and  Fe,  and  the  formation  of 
diatomic  molecules  was  observed  for  N.  All  of 
these  implants  agree  with  the  prediction  from 
the  criterion  (AGf  (M;,02)  >  AGf  (Si02)).  Although 
the  fraction  of  Ti^^  ions  in  implanted  silica  is 
extremely  high  (10-40%  of  the  total  Ti)  com¬ 
pared  with  that  (1%>)  in  conventionally  pre¬ 
pared  glasses,  no  formation  of  titanium  colloids 
was  observed  [28].  This  result  is  consistent 
with  prediction  (AGf  (Ti02,  Ti203)  <  AGf 

(Si02)). 

6.2.  Formation  of  and  modification  of  Cu  colloids 

As  an  example  of  nanosize  metal  colloids,  the 
formation  of  Cu  colloids  and  modification  of  the 
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Fig.  9.  Standard  free  energy  of  formation  of  oxides  as  a  function 
of  temperature. 
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Fig.  10.  Effects  of  sequential  implantation  of  F  ions  on  the 
optical  absorption  spectra  of  Cu-implanted  SiOi.  Note  changes 
of  Cu  plasmon  band  with  fluence  of  F  ions. 


colloids  by  sequential  implantation  of  F  ions  is 
described.  Fig.  10  shows  optical  absorption  spectra 
of  substrates  implanted  with  Cu"^  to  a  fluence  of 
6xl0^^cm““  and  dually  implanted  with  Cu^ 


2  4  6 

ENERGY ( eV ) 


1 000  2000 
TEMPERATURE  (K) 


Implanted  silica  glass 

Cu;  1 60  keV,  6x1 016  cm-2  ,  F  ;  40  keV 


Cu  Cu  F 

[F]  =  3x1016  1x1017 

Fig.  1 1.  Photo  of  Cu-  and  Cu  ^  F  implanted  a-Si02. 

(160kV,  6xl0^^cm^“)  and  subsequently 

F  (40keV',  3x  10'^  and  1  x  10'"cm“-).  A  sharp 
absorption  band  peaking  at  2.2  eV,  which  is 
attributed  to  the  surface  plasmon  peak  of  copper 
colloids,  is  seen  in  the  Cu-implanted  substrate,  the 
position  of  the  plasmon  band  shifts  to  lower  energy 
and  the  intensity  is  increased  in  the  substrate  sub¬ 
sequently  implanted  with  F  ions  at  a  dose  of 
3x  10^^cm""“,  and  the  plasmon  band  appears  to 
disappear  in  the  substrate  implanted  with 
1  X  10^^ cm""  F  ions.  Fig.  11  shows  the  photo  of 
the  above  three  substrates.  When  F  ions  were  im¬ 
planted  into  already  Cu-implanted  substrates,  the 
color  of  the  sample  changed  from  yellowish  red  to 
reddish  violet  for  a  dose  of  3  x  10^^'cm"^  and  to 
almost  colorless  for  1  x  10^^  cm"^.  Depth  distribu¬ 
tions  of  Cu  in  each  of  the  substrate  are  bimodal  in 
shape.  Fig.  12  shows  the  cross-sectional  TEM 
photos  of  the  above  three  substrates.  In  the 
Cu-implanted  substrate,  particles  are  observed  in 
the  range  from  the  implanted  surface  to  the  depth 
>  200  nm  and  the  particle  diameters  are  almost 
constant  at  a  given  depth,  but  vary  in  the  range 
2-8  nm  with  depth.  It  was  found  that  the  distribu¬ 
tion  of  Cu  colloid  diameters  has  a  shape  that  is 
close  to  that  of  the  implanted  Cu  concentrations 
[10].  Two  changes  were  seen  in  the  morphology  of 
these  colloid  particles  after  F-implantation.  First, 

^  This  acceleration  voltage  was  cho.sen  so  as  to  match  the 
peak  of  the  distribution  of  F  with  that  of  Cu. 
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particles  with  nonspherical  shape  became  promin-  identified  as  Cu  from  selected  area  electron  diffrac 

ent.  Second,  the  particle  size  increased.  These  chan-  tion  (SAED)  patterns.  Changes  in  the  position  and 

ges  may  be  explained  by  coalescence  of  small  collo-  ntensity  of  Cu  plasmon  band  agree  well  with  those 

id  particles  [29].  These  particles  in  substrates  im-  expected  from  the  Maxwell-Garnett  theory  [30] 

planted  with  Cu  and  Cu  +  F(3  x  lO^^cm”^)  were  incorporating  size  corrections.  On  the  other  hand, 


Fig.  12.  Cross-sectional  TEM  photograph  of  substrates  implanted  with  Cu  or  Cu  F  ions,  (a)  Cu"^  {160  kV,  6  x  10^^  cm“^),  (b)  Cu^ 
(160  keV,  6  X  10^^  cm”^)  ->•  F  (40  kV,  3  x  10^^  cm“^),  and  (c)  CiC  (160  keV,  6  x  10’^  cm“^)  ^  F  (40  kV,  1  x  10^^  cm“^).  Selected  area 
electron  diffraction  pattern  indexed  as  arising  from  Cu  and  CU2O  is  also  shown  for  sample  (c). 
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Fig.  12  (Continued) 


the  SAED  patterns  of  colloid  particles  in  the 
decolored  substrate  (F;  IxlO^^cm”^)  may 
be  indexed  as  arising  from  Cu  and  CU2O.  Forma¬ 
tion  of  CU2O  may  be  explained  by  ion-solid  chem¬ 
istry  summarized  in  Section  4.2.  Implanted  F  ions 
form  Si-F  bonds  (demonstrated  by  FTIR/ATR), 
recoiling  O  atoms  from  Si-O-Si  bonds.  Resulting 
recoiled  oxygens  having  high  kinetic  energy  react 
with  Cu  colloid  particles  to  form  dual  structured 
colloid  particles  made  up  of  CU2O  (shell)  and  Cu 
(core).  This  assumption  is  supported  by  thermal- 
gas-analysis  as  shown  in  Fig.  13.  Desorption  of 
O2  molecules  is  observed  for  both  substrates  im¬ 
planted  with  F(1  X  lO^^cm”^)  ions  and  Cu ->  F 
ions.  However,  a  distinct  difference  in  the  desorp¬ 
tion  behavior  and  the  amount  of  desorbed  O2  is 
observed  between  these  samples.  A  single  peak  is 


seen  at  ~250"C  for  the  F-implanted  substrate, 
whereas  a  continuous  desorption  up  to  >  700°C  is 
followed  by  a  peak  at  ~  250''C  for  the  co-implanted 
substrate.  The  ratio  of  the  amount  of  O2  desorbed 
from  the  coimplanted  substrate  relative  to  the  F- 
implanted  substrate  is  ^0.4  in  the  temperature 
range  up  to  ~300°C  or  --0.8  for  up  to  ~700^C. 
A  decrease  in  the  desorbed  amount  of  O2  up  to 
~300"C  in  the  coimplanted  substrate  is  considered 
to  be  a  consequence  of  oxidation  of  the  Cu  colloids, 
i.e.  formation  of  CU2O.  Restoration  of  the  plasma 
band  at  2.2  eV  is  observed  for  the  decolored  sub¬ 
strate  after  once  heating  to  ^450°C  as  shown  in 
inset  of  the  figure.  CU2O  is  thermodynamically  un¬ 
stable  at  high  temperatures,  dissociating  into  Cu 
and  O2.  Continuous  desorption  of  O2  molecules  is 
attributed  to  the  dissociation  of  CU2O  colloids.  We 
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TEMPERATURE  (  °C  ) 

Fig.  13.  Thermal  desorption  spectra  of  O2  molecules  from  implanted  substrates.  Heating  rate:  5  K/min. . ,  F  (40  keV, 

1  X  10^^cm““); - ,  Cu"^  (160  keV,  6x  10^^  cm"*)  -►  F  (40  keV,  1  x  10‘^cm"^).  Inset  shows  the  optical  absorption  spectra  of 

a  coimplanted  substrate  before  and  after  heating  to  700’‘C.  Note  that  the  2.2  eV  band,  which  is  missing  in  the  substrate  before  heating,  is 
distinctly  observed. 


consider  that  nanosize  colloid  particles  in  this 
decolored  substrate  have  a  composite  structure 
made  up  of  Cu  (core)  and  CU2O  (shell).  Optical 
absorption  spectra  of  colloidal  copper  particles  in 
dielectrics  is  well  reproduced  by  the  Maxwell-Gar- 
nett  theory  [30, 31]  incorporating  size  correction  of 
imaginary  part  of  the  dielectric  function.  According 
to  the  calculation,  intensities  of  the  absorption  due 
to  Cu  colloid  particles  are  sharply  decreased  when 
the  particle  diameter  decreases  to  below  ~  5  nm 
[31].  Although  the  apparent  particle  size  of  colloids 
increases  due  to  implantation  of  Cu  followed  by  F, 
we  consider  that  the  diameter  of  the  Cu  core  in  the 
resulting  dual  colloid  particles  is  decreased  to  a  size 


smaller  than  ^5  nm.  Further  efforts  including  ob¬ 
servation  of  cross-section  of  composite  colloids  are 
in  progress. 

6.3.  Other  colloids 

6.3.1.  Amorphous  P  colloids 

Fig.  14  shows  TEM  and  SEM  (reflection  electron 
image)  photographs  of  substrates  implanted  with 
ions  to  a  dose  of  5xl0^^cm“^  at  180  keV. 
Nanometer-size  colloid  particles  are  noted  in  the 
as-implanted  substrates  [5].  The  SAED  patterns 
show  the  resulting  P  colloids  to  be  amorphous. 
When  the  as-implanted  substrate  is  once  heated  to 
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Fig.  14.  Photo  ofa-Si02  implanted  with  ions  to  a  dose  of  5  x  10’’^  cm'  “  at  180  keV.  (Top)TEM  photo  of  as-implanted  substrate. 
(Bottom)  SEM  photo  of  substrate  after  once  heating  to  -  600  C  and  being  cooled  to  room  temperature.  Note  the  difTerence  in  scale  of 


the  two  photos. 

~600'C,  the  colloid  diameter  viewed  from  the  im¬ 
plantation  surface  grows  from  3-4  nm  to  ^^  2  pm. 
Since  no  significant  changes  were  seen  in  the  width 
of  P  in  the  RBS  spectra,  the  shape  of  resulting 


colloids  is  considered  to  be  not  spherical  but  disk¬ 
like.  Then,  the  band  gap  shifted  to  a  lower  energy 
side  by  ~0.3eV  and  almost  agreed  with 
that  (~2.1eV  [32])  of  bulk  amorphous  red 
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phosphorus.  The  optical  band  gap  of  nano-sized 
clusters  of  semiconductors  is  larger  than  that  of  the 
bulk  because  of  quantum  confinement  effects. 
Therefore,  we  conclude  that  the  observed  red  shift 
of  the  absorption  edge  is  due  to  the  decrease  in  the 
optical  band  gap  of  amorphous  red  phosphorus, 
which  originated  from  approach  of  the  particle  size 
to  bulks.  This  is  the  first  example  showing  quantum 
size  effect  on  the  band  gap  in  amorphous  semicon¬ 
ductors,  to  our  knowledge.  Large  third-order  non¬ 
linear  susceptibility  was  also  obtained  for  the  as- 
implanted  substrates  [33]. 

Amorphous  red  phosphorus  is  a  moderately  un¬ 
stable  material.  At  normal  temperatures  and  hu¬ 
midities,  it  reacts  slowly  with  water  vapor  and 
oxygen  in  air  to  form  phosphine  and  mixture  of  the 
oxyacids  of  phosphorus.  Furthermore,  band  gap 
illumination  drastically  enhances  these  degradation 
reactions  [34].  Since  implantation  forms  nanometer¬ 
sized  a-P  colloids  in  buried  layers  of  the  Si02  sub¬ 
strate  (resulting  colloids  are  separated  from 
atmosphere  by  Si02  layers  which  are  densified  by 
implantation),  no  degradation  was  perceived  after 
implanted  specimens  were  allowed  to  be  placed  in 
ambient  atmosphere  for  4  yr  (up  to  date). 

6.3.2.  Ge  nanoaystals  by  proton  implantation 

All  nanosized  colloid  particles  in  glass  formed  by 
implantation  have  been  synthesized  by  the  im¬ 
plantation  of  the  ions  composing  the  colloids,  to 
our  knowledge.  Recently,  there  has  been  a  novel 
approach  to  fabricate  nanosized  Ge  colloid  par¬ 
ticles  in  germania-silica  glasses  utilizing  the  chem¬ 
ical  reaction  of  implanted  protons  with  constitu¬ 
ents  in  the  substrate  [35].  From  thermodynamic 
arguments,  whether  the  elementary  state  is  formed 
or  not  is  determined  by  the  magnitude  of  free  en¬ 
ergy  changes  (AGf)  in  the  formation  of  an  oxide  of 
an  ion,  as  described  in  Section  6.1.  AGf  of  Ge02  is 
much  smaller  than  that  of  Si02,  hence  it  is  con¬ 
sidered  that  Ge02  is  much  easily  reduced  to  ele¬ 
mentary  colloids  compared  with  Si02.  This  is  con¬ 
sistent  with  the  experimental  result  that  Si  colloids 
are  not  formed  but  Ge  colloids  are  produced  in 
germanosilica  glasses  implanted  with  H^.  Micro¬ 
crystalline  (|ic)-Ge  particles  embedded  in  a-silica 
are  usually  fabricated  by  co-sputtering  of  Ge  and 
Si02.  Particles  of  Ge  are  amorphous  in  as- 


sputtered  samples  in  this  case.  Post  annealing  at 
temperatures  >  700°C  is  needed  to  convert  them 
into  the  crystalline  phase  [36].  However,  Ge  par¬ 
ticles  created  in  H-implanted  Si02 :  Ge02  glasses 
are  not  amorphous  but  crystalline  in  the  as-im¬ 
planted  state.  Implantation  of  protons  into  multi- 
component  glasses  will  provide  a  novel  route  to 
synthesize  nanocomposite  materials. 


7.  Concluding  remarks 

Types  and  concentrations  of  structural  defects 
produced  by  implantation  into  a-silica  are  prim¬ 
arily  controlled  by  the  nature  of  implants.  Si-Si 
bonds  and  O2  molecules  4-  PORs  are  the  predomi¬ 
nant  defects  produced  by  implantation  of  implants 
with  electropositive  nature  and  electronegative  na¬ 
ture,  respectively.  Concentrations  of  these  defects 
are  comparable  to  those  of  implants.  Therefore, 
these  species  are  not  just  ‘defects’  and  may  be  rather 
regarded  as  ‘a  main  product’,  hence  they  will  pro¬ 
vide  novel  possibilities  to  realize  new  materials  as 
exemplified  in  the  formation  of  Si-N  bonds  by 
coimplantation.  Recently,  novel  photonic  proper¬ 
ties  based  on  responses  of  structural  defects  [37] 
to  photons  have  been  reported,  photo-induced  re¬ 
fractive  index  changes  (Hill  gratings  [38])  in 
Si02 :  Ge02  glasses,  i.e.,  second-harmonic  genera¬ 
tion  [39]  from  germanosilica  fibers,  and  photo- 
tropy  in  reduced  calcium  aluminate  glasses  [40]. 
I  believe  that  ion-implantation  is  an  appropriate 
tool  to  facilitate  ‘defect  engineering’  in  amorphous 
materials  because  the  control  of  type  and  depth 
concentrations  is  possible  on  the  basis  of  know¬ 
ledge  of  ion-solid  chemistry  accumulated  so  far.  As 
for  nanosize  colloid  formation,  synthesis  of  dual- 
structured  colloids  [41]  appears  to  be  a  challenge 
for  dual  implantation.  According  to  the  calcu¬ 
lations  of  Haus  et  al.  [42],  enhancement  of  non¬ 
linear  optical  susceptibilities  is  expected  for  hetero¬ 
structure  nanoparticles.  Consequently,  the  estab¬ 
lishment  of  fundamentals  of  dual  implantation  such 
as  the  effect  of  the  implantation  sequence  will  be  an 
important  subject. 

Historically,  a  great  success  of  ion  implantation 
in  materials  science  is  in  the  generation  of  electrical 
carriers  in  silicon  [43].  I  believe  that  control  of 
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electrical  conductivities  in  wide  gap  insulating 
amorphous  materials  by  carrier  generation  by  im¬ 
plantation  is  a  current  and  worth  challenging  prob¬ 
lem.  Recently,  we  have  reported  that  a  transparent 
electroconducting  amorophous  oxide  [44]  and  fast 
proton  conducting  oxide  glasses  [45]  have  been 
created  by  ion  implantation.  Consideration  about 
chemical  interaction  of  implanted  ions  with  sub¬ 
strate  structures  offers  a  fundamental  means  to 
proceed  in  material  design  with  these  materials. 
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Abstract 

The  structural  quality  of  rapid  thermal  chemical  vapour  deposited  dielectric  films  have  been  utilized  to  fabricate 
optical  waveguides  at  1.5  pm.  The  guides  composed  of  SiOJ^y  guiding  layer  sandwiched  between  two  Si02  layers. 
A  precise  model  has  been  utilized  to  define  the  indexes  of  refraction  and  thicknesses  of  the  different  layers.  Special  care 
has  been  made  in  the  fabrication  process  to  define  the  entrance  and  exit  facets  of  the  guide.  A  resulting  loss  of  1.5  dB/cm 
has  been  measured  in  this  structure.  This  result  is  among  the  lowest  losses  reported  on  as-deposited  dielectric  guides. 


1.  Introduction 

Silicon  nitride  and  silicon  oxynitride  thin  films 
exhibit  useful  and  often  excellent  combinations  of 
electrical,  optical,  chemical  and  mechanical  proper¬ 
ties,  and  therefore  there  has  been  a  growing  interest 
in  the  deposition  of  these  films  for  micro  and  opto¬ 
electronic  applications,  Silicon  oxynitride  films, 
which  can  be  described  as  a  solid  solution  between 
silicon  nitride  and  silicon  oxide,  have  attracted 
special  attention  because  the  film  composition  can 
be  precisely  controlled  with  the  deposition  condi¬ 
tions  and  therefore  it  is  possible  to  monitor  its  main 
physical  and  chemical  properties  over  a  wide  range. 
As  a  result,  it  is  often  possible  to  achieve  a  combi- 


*  Corresponding  author.  Tel:  +33-1  42  53  75  85  Telefax: 
+  33-1  42  53  49  30. 


nation  of  material  characteristics  which  are  imposs¬ 
ible  to  obtain  either  with  pure  silicon  nitride  or 
silicon  dioxide. 

Silicon  nitride  and  silicon  oxynitride  are  desir¬ 
able  as  waveguide  materials  since  both  have  high 
index  of  refraction  with  respect  to  silicon  dioxide.  If 
the  residuel  hydrogen-bond  content  in  this  guiding 
layers  is  low,  it  can  be  expected  that  the  resulting 
guides  display  low  losses.  Low  loss  SiON  dielectric 
waveguide  have  been  produced  on  Si  substrates 
with  different  growth  techniques:  PECVD  [1-3], 
thermal  nitridation  [4],  CVD  [5],  LPCVD  [6]  or 
ion  implantation  [7].  The  purpose  of  this  paper  is 
to  present  results  obtained  on  a  dielectric  optical 
waveguide  fabricated  on  silicon  when  rapid  ther¬ 
mal  chemical  vapour  deposition  (RTCVD)  is  used, 
and  eventually  address  the  problem  of  guide  fabri¬ 
cation  technology  on  optoelectronics  materials 
such  as  InP  and  InP-based  materials. 
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2.  Experimental 

2.1.  Rapid  thermal  chemical  vapour  deposition 

Rapid  thermal  chemical  vapour  deposition  is 
a  combination  of  rapid  thermal  processing  (RTF) 
and  chemical  vapour  deposition  (CVD).  It  utilizes 
rapid  temperature  cycling  as  a  switch  to  turn  on 
and  off  thermally  driven  gas  surface  reactions.  The 
wafer  can  be  brought  to  750°C  in  less  than  5  s  and 
can  cool  down  to  below  deposition  temperature  in 
less  than  2  s.  The  use  of  highly  controllable  temper¬ 
ature  changes  to  control  the  deposition  offers  with 
RTCVD  the  ability  to  reproducibly  grow  precisely 
controlled  thin  layers  with  very  low  defect  densities, 
while  minimizing  thermal  exposure.  Our  RTCVD 
system  is  a  single  horizontal  reactor  consisting  of 
quartz  chamber,  the  wafer  is  supported  on  a  sus¬ 
ceptor  by  four  quartz  pins  and  is  heated  from  below 
with  a  bank  of  nitrogen  cooled  tungsten  halogen 
lamps.  The  chamber  is  made  of  high  quality  fused 
quartz  and  is  highly  transparent  in  the  spectral 
range  of  the  lamps,  allowing  the  chamber  to  remain 
cool  relative  to  the  wafer  and  thereby  recover  the 
advantages  of  a  cold-wall  system.  A  set  of  UV 
lamps  are  mounted  above  the  reactor  allowing  U  V- 
CVD  films  to  be  deposited.  A  more  detailed  and 
complete  description  of  the  system  can  be  found  in 
Ref.  [8]. 

2.2.  Waveguide  fabrication  and  characterization 

SiO^N^,  films  were  deposited  by  RTCVD  at 
750°C  from  the  reactive  gases  SiH4,  NH3,  N2O 
diluted  in  a  carrier  gas  N2  with  a  total  pressure  of 
50  T.  Composition  control  of  the  SiO^^N^,  films  was 
obtained  with  the  N2O  flow  rate  alone,  ail  the  other 
CVD  parameters  being  constant.  The  index  of  re¬ 
fraction  of  the  film  was  controlled  via  the  N2O  flow 
rate  as  can  be  seen  from  Fig.  1.  A  continuous  vari¬ 
ation  of  the  index  of  refraction  from  1.45  (index  of 
refraction  of  Si02)  to  2.1  (index  of  refraction  of 
Si3N4.)  was  obtained  as  measured  by  ellipsometry 
at  6328  A  [8].  It  has  been  also  verified  that  N2O 
flow  rate  is  directly  connected  to  the  stoichiometry 
of  the  SiO,^N^,  films,  a  more  detailed  description  of 
the  deposition  parameters  and  material  properties 
can  be  found  in  Ref.  [9]. 


Fig.  I.  Variation  of  the  refractive  index  of  SiO^N,,  films  as 
a  function  of  the  N2O  flow  rate. 

Light  can  be  guided  in  a  high  refractive  index 
material  sandwiched  between  two  low  refractive 
index  materials.  The  size  of  the  guide,  the  index  of 
refraction  and  the  thickness  of  each  layer  have  been 
calculated  for  monomode  propagation  at  1.5  pm 
using  a  program  developed  at  the  CNET  Bagneux 
called  ALCOR  [10].  The  waveguide  design  result¬ 
ing  from  this  model  is  a  SiO,.,N^,  film  between  two 
Si02  films  with  the  following  characteristics:  a  first 
cladding  layer  made  of  a  thick  Si02  film  obtained 
by  thermal  oxidation  of  a  Si  substrate.  The  Si02 
thickness  is  2  pm  and  the  refractive  index  has 
a  value  of  1.46.  This  oxide  layer  is  used  to  optically 
decouple  the  waveguide  from  the  underlying  Si 
substrate.  The  guiding  layer  is  then  formed  with 
RTCVD  SiO^N^..  The  thickness  of  this  SiO.,.Nj, 
layer  is  0.6  pm  and  the  refractive  index  in  1.72. 
Finally,  the  processed  wafer  is  covered  with 
a  RTCVD  Si02  layer  with  a  thickness  of  1  pm  and 
a  refractive  index  of  1.46. 

To  permit  the  lateral  confinement  of  the  guided 
modes,  only  the  Si02  overlayer  is  etched  to  the 
lateral  size  of  the  guide  down  to  the  SiO;cNj,  guiding 
layer.  The  etching  of  this  overlayer  result  in  a  large 
change  in  the  effective  index  (N^ff)  of  the  guided 
mode.  This  change  saturates  as  soon  as  the  over- 
layer  thickness  becomes  greater  than  the  penetra¬ 
tion  depth  of  the  evanescent  field  of  the  guided 
mode.  This  can  be  observed  by  computing  the 
effective  index  of  refraction  change  between  the 
guided  region  with  a  Si02  overlayer  and  the  region 
where  the  overlayer  has  been  removed.  This  calcu¬ 
lation  is  illustrated  in  Fig.  2  and  as  can  be  seen  an 
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overiayer  of  1  jam  in  our  calculated  structure  is 
acceptable.  Since  the  etching  process  can  be 
monitored  by  in  situ  reflectometry,  it  is  possible  to 
stop  the  Si02  etching  right  at  the  interface  with  the 
SiOJ^y  layer.  Consequently,  the  control  of  the  ef¬ 
fective  index  change  (A^eff)  is  very  accurate. 


Fig.  2.  Effective  refractive  index  change  in  the  guiding  layer  as 
function  of  the  thickness  of  the  Si02  top  layer. 


2.3.  Waveguide  facets  fabrication 

In  addition  to  the  propagation  losses  in  the 
waveguides,  the  insertion  losses  caused  by  a  rough 
entrance  and  exit  facet  have  an  essential  influence 
on  the  total  loss  of  the  device.  There  are  several 
techniques  for  mirror  like  facet  fabrication,  includ¬ 
ing  chemical  or  plasma  etching.  A  mask  for  lith¬ 
ography  is  defined  with  thickness  and  composition 
that  will  allow  its  removal  without  affecting  the 
underlying  waveguide.  The  most  desirable  mask  has 
straight  sidewalls  and  is  highly  resistive  to  the  guide 
etchants.  Metals  are  useful  for  ion  etching  but  their 
polycrystalline  nature  degrades  sidewall  definition. 
Photoresists  provide  good  structural  definition  but 
are  affected  by  the  ion  etching  heating  process.  Good 
results  have  been  obtained  using  a  trilayer  resist 
consisting  of  a  thick  photoresist  planarizing  layer, 
a  intermediate  UV-CVD  Si02  layer  grown  at  100°C 
and  a  thin  photoresist  imaging  layer.  This  trilayer  is 
presented  for  the  first  time  here  for  semiconductor 
technology  applications.  The  unique  feature  of  this 
structure  is  obtained  by  the  ability  to  deposit  a  Si02 


Fig.  3.  SEM  micrograph  of  the  facet  of  the  waveguide  after  RIE. 
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layer  on  resist  surface  at  100'"C  without  major  resist 
hardening.  This  film  deposited  by  UVCVD  utilizes 
Kr  flash  lamps  described  elsewhere  [11].  After  the 
photolithography  patterning  of  the  top  photoresist, 
the  image  was  transferred  to  the  underlying  layers 
using  reactive  ion  etching  (RIE).  The  gases  used  to 
etch  the  thin  oxide  and  the  thick  photoresist  were 
CHF3/SF6  and  O2,  respectively. 

The  patterned  image  from  the  trilayer  photo¬ 
resist  was  transferred  to  the  planar  waveguide,  us¬ 
ing  RIE  to  form  the  end  facets  of  the  waveguide. 
The  gases  used  for  this  purpose  were  CHFs/SF^, 
The  result  is  shown  in  the  scanning  electron  micro¬ 
graph  of  Fig.  3.  The  resulting  peak  to  peak  rough¬ 
ness  of  thejacet  measure  on  this  micrograph  is 
about  700  A.  This  result  is  completely  acceptable 
for  a  1,5  pm  propagation  light. 

3.  Propagation  loss  measurements  and  discussion 

The  propagation  losses  on  the  fabricated 
waveguide  were  obtained  by  varying  the  sample 
length  using  the  cut-back  method  and  carefully 
measuring  the  output  intensities  of  the  TEq  mode. 
The  light  from  an  He-Ne  laser  operating  at  1.5  pm 
wavelength  was  coupled  into  and  out  of  the 
waveguide  by  means  of  microscope  objectives  and 
the  intensities  of  the  transmitted  light  were  meas¬ 
ured  by  a  photodiode.  To  avoid  changes  of  the 
input  and  the  output  coupling  efficiency  during  the 
measurements,  waveguides  with  different  length 
were  prepared  during  the  same  process  and  at  the 


Fig.  4.  Variation  of  the  normalized  transmitted  intensity  at 
1.5  gm  as  a  function  of  the  length  of  the  waveguide. 


same  time  so  as  to  obtain  waveguides  with  the  same 
facet  quality.  The  result  of  this  measurement  is  shown 
in  Fig.  4.  It  indicates  that  propagation  losses  of  the 
RTCVD  SiO^^N^,  waveguides  are  of  the  order  of 
(2  ±  0.5)  dB/cm.  This  result  obtained  on  an  as-depos¬ 
ited  SiO^^N^,  guide  is  among  the  best  results  on  an 
as-deposited  structures.  In  silicon  technology  an  an¬ 
nealing  step  at  1000°C  for  1  h  brings  the  measured 
losses  down  to  0.2  dB/cm  [12],  but  this  annealing 
step  is  not  acceptable  on  an  optoelectronic  material. 

4.  Conclusion 

SiO.^N^.  film  deposited  by  RTCVD  has  been 
shown  to  be  an  excellent  propagation  medium  for 
passive  waveguide  operated  at  1.5  pm  wavelength. 
Optical  propagation  loss  for  the  fundamental  TEq 
mode  at  1.5  pm  wavelength  have  been  measured 
using  the  cut  back  method.  Without  annealing  the 
loss  is  (2  ±  0.5)  dB/cm.  Progress  is  being  made  to 
transfer  this  technology  to  InP-based  substrates,  the 
mechanical  stress  induced  by  this  multilayer  struc¬ 
ture  being  the  most  difficult  problem  to  overeome. 

The  authors  would  like  to  thank  G.  Herve- 
Gruyer  for  introducing  us  to  ALCOR.  This  work 
would  not  have  been  performed  without  the  tech¬ 
nical  assistance  of  C.  Meriadec. 
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Abstract 

In  this  work,  use  of  plasma-enhanced  chemical  vapour  deposition  of  amorphous  hydrogenated  silicon  nitride  (PECVD 
a-SiN :  H)  films  (deposited  utilizing  SiH^.  and  NH3)  as  insulators  for  the  realization  of  buried  ridge  structure  (BRS) 
Fabry-Perot  and  distributed  feed  back  (DFB)  optoelectronic  laser  devices  is  focussed  upon.  To  this  aim,  on  the  one  hand 
a-SiN^:H  films  are  required  to  have  a  high  dielectric  strength  and,  on  the  other  hand,  the  sequence  semiconduc¬ 
tor/dielectric/metallization  must,  as  a  whole,  show  a  good  resistance  to  thermal  and  mechanical  treatments  occurring 
during  the  device  processing.  Values  for  these  properties  are  strictly  related  to  the  dielectric  characteristic  quality. 
Optimizing  the  deposition  conditions,  a-SiN^:H  films  with  Si/N  ratio  =  0.75,  hydrogen  percentage  ?5^25%,  refractive 
index  =  1.92  (at  632  nm),  optical  gap  =  4.8  eV  and  film  density  of  :^2.5  g/cm^  have  been  obtained.  This  material  shows 
a  dielectric  strength  of  10^  V/cm,  resistivity  of  5  x  Q  cm  and  a  good  spatial  uniformity  and  time  stability  of  the 
dielectric  properties.  The  mechanical  adhesion  has  been  checked  by  using  special  tests  performed  on  actual  laser  devices. 
No  significant  detachments  of  the  TiPtAu/a-SiN:  H  sequence  have  been  observed  with  either  p-side  down  or  p-side  up 
mounting  configuration.  BRS  Fabry-Perot  and  DFB  lasers  devices  with  state-of-art  optical  and  electrical  characteristics 
have  been  manufactured. 


1.  Introduction 

Amorphous  hydrogenated  silicon  nitride  films 
deposited  by  plasma-enhanced  chemical  vapour 
deposition  (PECVD  a-SiN^c :  H)  are  used  for  several 
applications  in  the  electronic  and  optoelectronic 
devices  technology  (interlayer  insulation,  device 
passivation,  mechanical  protection)  [1-8]. 

In  this  work  we  are  particularly  interested  in  the 
dielectric  insulation  performance  for  the  realization 
of  buried  ridge  structure  (BRS)  Fabry-Perot  and 
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distributed  feed  back  (DFB)  optoelectronic  laser 
devices  based  on  the  III-V  semiconductor  system 
(Fig.  1).  To  this  aim,  some  critical  aspects  exist.  In 
order  to  minimize  the  threshold  current,  a-SiN^c :  H 
films  are  requested  to  have  high  dielectric  strength 
and  resistivity.  In  addition,  the  adhesion  between 
dielectric/semiconductor  and  metallization/dielec¬ 
tric  layers  must  be  very  good.  Finally,  the  InP/a- 
SiN;,:  H/TiPtAu  sequence  must  show  a  good  resist¬ 
ance  to  the  thermal  and  mechanical  treatments 
occurring  during  the  device  processing  such  as  dif¬ 
fusion  and  ohmicization  for  the  ohmic  contact  real¬ 
ization,  chip  cleaving,  p-side  down  or  up  chip 
mounting,  wedge  or  ball-bolding  soldering. 
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Fig.  1.  Sketch  {not  to  scale)  of  a  BRS  Fabry-Pcrot  laser  structure.  Approximate  layer  thicknesses  are  as  follows:  AuSn  0.3  pm,  InP:n 
substrate  100  pm,  InP:p  1.5  pm,  InGaAsP  (/  =  1.55  pm)  0.3  pm,  InGaAsP  {/.  =  1.33  pm)  0.1  pm,  SiN  0.25  pm,  TiPtAu  0.4  pm. 


While  the  electrical  characteristics  of  PECYD 
a-SiN;,:H  films  have  been  widely  studied  [9-17], 
no  literature  exists  to  our  knowledge  about  the 
evaluation  of  the  latter  properties. 

2.  Experimental  procedures 

A-SiN;,.:H  films  have  been  deposited  in 
a  13.56  MHz  PECVD  Vacutec  1523  equipment  by 
using  SiH4  and  NH3  pure  gases. 

The  chamber  has  been  cleaned  after  each  depos¬ 
ition  with  a  plasma  of  CF4  and  O2  at  room  temper¬ 
ature  (chamber  pressure  p  =  500  mTorr,  rf  power 
density  P  =  0.600  W/cm’,  CF4  flow:  43  seem,  O2 
flow:  10  seem). 

An  a-SiN^.  :H  layer  of  about  1000  A  has  been 
pre-deposited  before  each  run  (deposition  temper¬ 
ature  T  =  350”C,  p  =  300  mTorr,  P  =  0.16  W/cm^ 
SiH4  flow:  10  seem,  NH3  flow: 90  seem).  Several 
samples  have  been  deposited  varying  the  NH3 
/SiH4  gas  flow  ratio  (R)  from  2  to  19  and  P  from 
0.04  to  0.2  W/cm^.  Total  flow,  P,  p  and  T  have  been 
kept  constant  to  100  seem,  300  mTorr  and  350''C, 
respectively. 

The  electrical  characteristics  of  SiN.^ :  H  films 
have  been  tested  by  dielectric  strength,  and 
resistivity  measurements  on  Si/Al/SiN :  H/Al  struc¬ 
tures.  We  assumed  the  dielectric  strength  value  as 


the  electric  field  corresponding  to  a  current  of 
10”^  A  on  a  contact  with  a  diameter  of  550  pm. 
Each  structure  has  195  contacts.  The  £9  values 
reported  in  the  following  represent  the  mean  value 
of  about  100  measurements  executed  on  as  many  as 
different  contacts.  The  standard  deviation  has  been 
used  as  an  estimate  of  experimental  errors.  The 
presence  of  porosity  has  been  evaluated  by  count¬ 
ing  ‘holes’  and  ‘bubbles’  on  SiN;,:H/InP  samples 
which  have  been  evidenced  by  means  of  selective 
etching  (Br:  CH3COOH  =  1:100  for  10')  before 
and  after  the  thermal  treatment  (diffusion: 
T  =  450'’C  for  16'  in  sealed  ampoule  with  ZnAs2 
and  Zn3P2  sources).  Si/N  and  optical  gap  (PJ 
values  have  been  calculated  from  absorbance 
spectra  obtained  on  a-SiN^:  H/quartz  structures 
(Varian  Cary  2300)  using  the  absorption  edge  and 
the  Tauc  plot  methods,  respectively  [18,19].  IR 
analysis  has  been  used  to  measure  the  hydrogen  (H) 
content  in  SiN :  H/Si  samples  [20]  (Perkin-Elmer 
683  spectrophotometer).  Refractive  index  and 
thickness  have  been  evaluated  by  ellipsometry  at 
632,  1303  and  1535  nm  (Plasmos  SD  2300).  Thick¬ 
ness  has  been  also  determined  using  a  profilometer 
(Tencor  a-step  200).  Film  density  (p)  has  been 
evaluated  by  weighing  the  sample  before  and  after 
the  deposition.  We  made  sure  to  remove  the  a- 
SiN^  H  deposited  on  the  edges  and  under  the 
substrate  by  masking  accurately  the  sample  surface 
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with  wax  and  etching  it  briefly  in  49%  hydrofluoric 
acid  (HF).  Using  this  technique,  density  measure¬ 
ments  affected  by  a  relative  error  less  than  4% 
(calculated  with  the  propagation  law)  have  been 
obtained. 

Special  tests  have  been  used  to  evaluate  qualitat¬ 
ively  the  adhesion  between  dielectric/semiconduc¬ 
tor  and  metallization/dielectric  layers.  A  significant 
number  of  BRS  Fabry-Perot  and  DFB  laser  devi¬ 
ces  (chip  dimensions:  300  min  x  400  pm)  have  been 
soldered  with  In  in  the  p-side  up  configuration  and 
observed  using  scanning  electron  microscopy 
(SEM)  in  order  to  reveal  eventual  detachments  of 
the  TiPtAu  or  TiPtAu/a-SiN^ :  H  layers  caused  by 
the  chip  cleaving.  A  second  set  of  devices  have  been 
soldered  in  the  p-side  down  configuration  and  sub¬ 
sequently  abruptly  removed  using  tweezers.  The 


removed  chip  and  the  mark  left  on  the  submount 
have  been  analyzed  by  SEM  and  energy  dispersive 
spectroscopy  (EDS)  to  evaluate  the  quality  of  the 
dielectric/semiconductor  and  metallization/dielec¬ 
tric  adhesion. 


3.  Results  and  discussion 

Before  checking  the  electrical  performances,  we 
investigated  the  deposition  conditions  in  order  to 
obtain  a-SiN;,:H  films  with  good  physical  and 
structural  properties.  Particular  care  has  been 
taken  to  maximize  the  density  and  to  minimize  the 
presence  of  pores  and  ‘bubbles’  that  can  be  caused 
by  the  eventual  H  release  occurring  during  the 
sample  heating. 


Table  1 

PECVD  a  -SiN^-:H  film  porosity  before  and  after  the  diffusion  treatment  versus  rf  power  density  value. 


rf  power  density 
(W/cm-) 

a-SiN^.:H  pore 
density  before 
diffusion 
(number/cm^) 

a-SiN;,:H  pore 
density  after 
diffusion 
(number/cm^) 

a-SiN,:H 
‘bubble’  density 
before  diffusion 
(number/cm^) 

a-SiN, :  H 
‘bubble’  density 
after  diffusion 
(number/cm^) 

0.04 

0 

40 

0 

30 

0.08 

0 

12 

0 

70 

0.12 

0 

0 

0 

0 

0.16 

0 

0 

0 

3 

0.2 

0 

80 

0 

30 

Table  2 


PECVD  a  -SiN., 

:H  film  porosity  before  and  after  the  diffusion  treatment  versus  NH3/SiH4 

gas  flow  ratio 

NH3/SiH4  gas 
flow  ratio 

a-SiNj^:H  pore 
density  before 
diffusion 
(number/cm^) 

a-SiN;,:H  pore 
density  after 
diffusion 
(number/cm^) 

a-SiN^:H 
‘bubble’  density 
before  diffusion 
(number/cm^) 

a-SiN^:H 
‘bubble’  density 
after  diffusion 
(number/cm^) 

2 

0 

0 

0 

Region  with  many  ‘bubbles’ 

3 

0 

NA 

2 

NA 

4 

0 

23 

0 

0 

5 

0 

3 

0 

0 

6 

0 

0 

0 

0 

7 

0 

0 

0 

0 

9 

0 

0 

0 

0 

13 

0 

10 

0 

0 

19 

0 

50 

0 

0 
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Fig.  2.  Dependence  of  the  deposition  rate  and  film  density  on 
the  NH3/SiH^  gas-flow  ratio,  rf  power  density,  chamber  pres¬ 
sure,  deposition  temperature  and  total  flow  have  been  kept 
constant  to  0.12mW/cm',  300  mTorr,  350  C  and  100  seem, 
respectively. 


Porosity  before  and  after  the  diffusion  treatment 
has  been  measured  on  samples  deposited  at  varying 
P  and  R  as  mentioned  above  (P:  0.04-0.2  W/cm^, 
R  =  9,  p  =  300  mTorr,  T  =  350X,  P  =  100  seem 
and  R:  2-19,  P  =  0.12W/cm^  p  =  300  mTorr, 
T  =  350°C,  100  seem).  Pores  and  ‘bubbles’ 


are  praetieally  absent  for  rf  power  density  of 
0.12  W/cm“  and  for  R  of  5-9  (see  Tables  1  and  2). 

Fig.  2  shows  p  and  the  deposition  rate  values 
versus  R.  The  desired  eondition  is  for  P  =  5  where 
the  density  and  deposition  rate  reaeh  their  max¬ 
imum  and  minimum  values,  respeetively.  Further¬ 
more,  samples  deposited  using  P  =  5,  p  =  0.12 
W/cm^  p  =300mTorr,  P=350"C  and  P-lOOsccm 
present  desirable  compositional  and  optical  prop¬ 
erties  such  as  an  Si/N  ratio  =  0.75,  Pq  =  4.8  eV 
and  n  =  1.92  at  632  nm.  A  hydrogen  percentage  of 
about  25%  has  further  been  measured.  This  fact  may 
explain  why  the  n  value  is  less  than  2  [21,22]. 

Electrical  measurements  performed  on  samples 
deposited  using  the  optimized  deposition  condi¬ 
tions,  yielded  a  dielectric  strength  of  9  ±  1  MV/cm 
(sample  thickness:  3300 A)  and  a  resistivity  of 
^AxlO^^^Qcm.  The  current  dependence  versus 
the  electric  field  applied,  P,  can  be  explained  by  the 
Poole-Frenkel  effect  for  high  P  values  [23]. 
Measurements  repeated  on  the  same  contact  up  to 
20  times  during  a  period  of  3  months  did  not 
evidence  degradation  of  the  dielectric  properties 
(Fig.  3).  To  our  knowledge,  these  are  state-of-art 
characteristics  [9-17,24,25]. 


Fig.  3.  Log  1  versus  applied  electric  field  measurements  taken  at  different  times  during  a  period  of  three  months  on  the  same  contacts  of 
an  Al/a-SiN^:  Fl/Al  structure.  Dielectric  deposition  conditions:  R  =  5,  P  =  0.12  mW/cm“,  p  =  300  mTorr,  T  =  350' C,  F  =  100  seem. 
No  degradation  of  the  dielectric  properties  can  be  observed.  At  high  electric  fields,  the  curves  are  in  agreement  with  the  Poole-  Frenkel 
effect. 
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Fig.  4.  Typical  picture  of  a  300  pm  x  400  pm  BRS  Fabry-Perot  laser  device  soldered  in  the  p-side  up  configuration.  Chip  cleaving  did 
not  cause  any  detachments  of  the  dielectric/metallization  layer  neither  near  the  edges. 


Samples  deposited  varying  the  rf  power  density 
in  the  aforementioned  range  or  with  different 
R  present  satisfactory  breakdown  field  and  resistiv¬ 
ity  values  of  4-5  MV/cm  and  Q,  respec¬ 

tively.  In  some  cases,  the  reproducibility  and  the 
spatial  uniformity  were  lower  and  some  of  the  con¬ 
tacts  brokedown  while  repeating  the  measurement. 
We  ^re  not  able  to  give  a  complete  and  rigorous 
explanation  of  the  existence  of  these  undesirable 
effects  with  the  elements  presently  available. 

The  a-SiN^ :  H  film  resistance  to  the  mechanical 
treatments  occurring  during  the  device  fabrication 
of  BRS  Fabry-Perot  and  DFB  lasers,  have  been 
tested  on  actual  devices  from  different  processes  by 
means  of  the  techniques  described  above.  Fig.  4  is 
a  typical  picture  of  a  300  pm  x  400  pm  BRS 
Fabry-Perot  laser  device  soldered  in  the  p-side  up 
configuration.  No  detachment  of  the  dielectric/me¬ 
tallization  layer  can  be  observed.  Figs.  5  and 
6  show  a  soldered  chip  side  and  its  chip  mark  left 
on  the  submount  after  the  abrupt  removal.  In  Fig.  5 
dark  grey  spots  (indicated  by  arrows)  can  be  ob¬ 


served.  In  these  regions,  the  a-SiN;,:  H/TiPtAu 
came  off  leaving  the  chip  InP  surface  uncovered  as 
checked  by  EDS  analysis.  Correspondingly  frag¬ 
ments  of  the  dielectric/metallization  sequence  on 
the  chip  mark  (Fig.  6)  are  present.  In  all  the  devices 
examined,  the  detachments  observed  are  absent  or 
confined  in  small  areas  along  the  edges,  where  the 
stress  is  enhanced.  The  test  executed  has  been 
thought  to  simulate  conditions  much  more  brutal 
than  the  actual  situations.  A  behaviour  like  that 
here  reported  has  thus  to  be  considered  absolutely 
satisfactory. 

BRS  Fabry-Perot  and  DFB  lasers  obtained 
present  state-of-art  electrical  and  optical  character¬ 
istics  [26]. 


4.  Conclusions 

Optimizing  the  deposition  condition,  PECVD 
a-SiN :  H  films  with  absence  of  porosity,  film  density 
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Fig.  5.  Picture  of  the  soldered  side  of  a  BRS  Fabry-Perot  laser  device  after  its  abrupt  removal  from  the  submount.  In  the  dark  gr 
spots  indicated  by  the  arrows  the  a-SiN^.:  H/TiPtAu  was  lifted  ofi' leaving  the  InP  surface  uncovered. 


Fig.  6.  Picture  of  the  mark  left  on  the  submount  by  the  chip  shown  in  Fig.  5.  Fragments  of  the  dielectric/metallization  hole  can 
observed  in  correspondence  of  the  dark  grey  regions  indicated  in  Fig.  5. 
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of  ^^2.5g/cm^,  Si/N  ratio  =  0.75,  hydrogen 
percentage  of  25%,  refractive  index  =  1.92 

(632  nm),  optical  gap  ^  5.2  eV  have  been  ob¬ 
tained. 

This  material  shows  a  dielectric  strength  of 
^lO^V/cm,  a  resistivity  of  ?^5xl0^'^Qcm  and 
a  good  spatial  uniformity  and  time  stability  of  the 
dielectric  properties.  Log  /  versus  E  curves  are  in 
agreement  with  the  Poole-Frenkel  effect. 

The  resistance  to  the  thermal  and  mechanical 
treatments  occurring  during  device  processing  has 
been  checked  on  actual  laser  devices.  The  good 
results  from  these  tests  confirm  that  the  PECVD 
a-SiN;,.:  H  films  obtained  can  be  satisfactorily  used 
in  the  BRS  Fabry-Perot  and  DFB  optoelectronic 
laser  fabrication. 

Devices  with  state-of-art  optical  and  electrical 
characteristics  have  been  fabricated. 
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Abstract 

In  the  experiments  in  the  present  study,  electron  cyclotron  resonance  plasma  enhanced  chemical  vapour  deposition 
was  used  for  the  deposition  of  SiO.vNy  films  from  02/Ar.  N2  and  SiHq/Ar  mixtures.  Optical  properties  of  the  films  were 
studied  by  means  of  transmission  spectroscopy  in  the  wavelength  range  200  2600  nm.  Refractive  indices  ranged  between 
1.5  and  3.5  (measured  at  632.8  nm)  for  different  film  compositions.  The  extinction  coefficient  showed  a  strong  blue  shift 
with  decrease  of  silane  content  in  the  gas  mixture.  Optical  interference  filters  with  continuously  varying  refractive  index 
profiles  were  designed,  and  manufactured  by  our  computer  controlled  electron  cyclotron  resonance  system.  Designs 
v/hich  take  into  account  dispersion  of  refractive  index,  and  absorption  in  the  constituent  SiO.vNy  material,  differ  only 
significantly  from  designs  in  which  it  is  neglected  at  wavelengths  shorter  than  700  nm. 


1.  Introduction 

Optical  coatings  with  gradient  refractive  index 
profiles,  rugate  filters  in  particular,  attracted  con¬ 
siderable  interest  in  recent  years  [1  -S],  The  flexible 
optical  properties  of  these  filters,  the  possibility  to 
form  multiple  reflecting  bands  and  their  high  laser 
damage  threshold,  are  very  attractive  for  various 
applications  [6].  Contrary  to  the  highly  developed 
design  procedures  available,  fabrication  technolo¬ 
gies  are  far  from  ideal  at  the  moment. 

Electron  cyclotron  resonance  plasma  enhanced 
chemical  vapour  deposition  (ECR-PECVD)  is 
a  modern  and  effective  tool  for  the  fabrication  of 
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structures  having  complicated  refractive  index  pro¬ 
files  [7-9].  Among  the  materials  that  can  be  used 
for  visible  and  near-infrared  filters  is  SiGyNy,  where 
x  and  y  are  varied  according  to  a  chosen  design. 
The  optical  properties  of  this  material  can  be  ad¬ 
justed  by  control  of  the  process  variables.  A  proto¬ 
type  rugate  filter  with  reflection  higher  than  80%, 
made  by  computer  control  of  SiH4  and  N2  flows, 
was  reported  by  us  [8]  earlier.  However,  filters 
based  on  SiN,.  have  a  relatively  high  achievable 
lowest  refractive  index,  which  is  equal  to  the  refrac¬ 
tive  index  of  Si3N4,  and  a  corresponding  reflec¬ 
tance  in  the  transparent  region  of  more  than  15%. 
SiO.vNy,  on  the  other  hand,  could  have  refractive 
index  as  low  as  that  of  Si02,  yielding  a  much  larger 
range  of  refractive  indices  and  a  reduced  reflection 
of  5  -8%  outside  the  stopband. 
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This  paper  discusses  the  wavelength  depend- 
encies  of  refractive  index  and  extinction  coefficient 
of  these  SiO^^N^,  layers  as  a  function  of  gas  flow 
ratios.  This  information  is  then  used  in  the  design 
and  manufacture  of  an  optical  rugate  interference 
filter  based  on  gradient  index  SiO^^Ny.  The  para¬ 
meters  of  the  manufactured  filter  and  the  design 
values  are  compared. 


2.  Deposition  and  characterization 

Deposition  of  thin  films  was  carried  out  by  com¬ 
puter  controlled  ECR-PECVD  in  the  high  vacuum 
system  described  previously  [7-8].  During  depo¬ 
sition  conditions  were  as  follows:  100  W  microwave 
power;  base  pressure  less  than  10“^  Torr;  working 
pressure  of  about  2  mTorr;  gas  flow  rates  set  from 
3  to  16  seem  with  a  total  constant  flow  rate  of 
21  seem;  and  10  W  rf-bias  power.  Corning  7059 
glass  and  quartz  substrates  were  degreased  in  isop¬ 
ropanol  in  an  ultrasonic  bath  and  rinsed  in  de¬ 
ionised  water  prior  to  deposition.  Individual  layers 
were  grown  to  a  thickness  of  approximately  1  pm. 

Bare  substrates  and  substrates  with  SiOj^N^,  films 
deposited  onto  it  were  studied  by  optical  transmis¬ 
sion  spectroscopy  on  a  Hitachi  model  U-3400  spec¬ 
trophotometer  in  the  200-2600  nm  wavelength 
range  at  room  temperature.  In  the  case  of  a  coated 
substrate,  the  beam  was  incident  from  the  SiO;cNy 
layer.  Refractive  index  versus  wavelength,  n(2),  cal¬ 
culated  from  transmission  spectra  was  extrapolated 
to  the  wavelength  region  where  the  interference 
fringes  disappear.  The  extinction  coefficient,  k(X), 
was  also  calculated  [10]. 


3.  Material  properties 

The  ‘process  trajectory’  is  shown  in  Fig.  1.  Points 
on  this  graph  correspond  to  the  values  of  02/SiH4 
and  N2/SiH4  flow  ratios  for  which  layers  were 
grown.  Specific  points  have  been  chosen  to  satisfy 
the  need  for  a  large  excursion  of  refractive  index  for 
optical  interference  filter  design.  The  real  and  imag¬ 
inary  parts  of  refractive  indices,  n  and  /c,  as  ob¬ 
tained  from  the  measurements,  are  depicted  in 
Figs.  2  and  3,  respectively,  as  a  function  of 


wavelength  for  different  gas  compositions.  An  in¬ 
crease  of  the  silane  content  in  the  gas  mixture  leads 
to  an  increase  in  refractive  index  over  the 
wavelength  range  of  interest.  All  layers  are  trans¬ 
parent  in  the  900-2600  nm  region.  However,  there 
is  a  notable  shift  of  the  absorbtion  edge  towards 
shorter  wavelengths  with  increase  in  nitrogen  and 
oxygen  content  in  the  layer.  At  the  extremes  of  the 
trajectory  defined  in  Fig.  1,  materials  can  be  re¬ 
garded  as  oxygen-doped  silicon  (point  1),  silicon 
rich  silicon  oxynitride  (point  4)  and  stoichiometric 
silicon  dioxide  (point  10).  Smooth  transition  from 
one  material  to  another  is  provided  by  the  existence 
of  a  continuous  series  of  solid  solutions  in  the 
Si-O-N  system. 


4.  Application  of  inhomogeneous  SiO^^N^  for  optical 
coatings 

Availability  of  extensive  data  on  the  optical 
properties  of  the  SiO^N^  films  makes  the  design  of 
rugate  filters  possible  which  takes  into  account 
absorption  in  layers  and  dispersion  of  refractive 
index.  Absorption  in  the  layers,  which  starts  to  play 
a  substantial  role  only  at  wavelengths  shorter  than 
700  nm  helps  to  completely  suppress  the  reflection 
peak  at  double  the  frequency  of  the  reflection  band 
of  the  rugate  filter.  Fig.  4  presents  three-dimen¬ 
sional  graphs  of  n  and  k  as  functions  of  depth  and 
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Fig.  1.  Process  trajectory  for  set  of  experiments. 
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WAVELENGTH  [nm] 

Fig.  2.  Wavelength  dependence  of  refractive  index,  of  SiO.^-N,.  (numbers  on  the  curves  refer  to  the  corresponding  numbers  on  the 
process  trajectory). 
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Fig.  3.  Wavelength  dependence  of  extinction  coefficient,  k,  of  SiO^N^,  (numbers  on  the  curves  refer  to  the  corresponding  numbers  on  the 
process  trajectory). 


wavelength  for  a  rugate  optical  filter.  This  single¬ 
band  rugate  filter  was  designed  for  maximum  re¬ 
flectance  at  a  wavelength  of  680  nm.  For  a  total 
layer  thickness  of  2.11  pm  the  theoretical  reflec¬ 
tance  in  the  band  was  97.6%.  The  refractive  index 
profile  comprised  of  a  sinusoid  of  the  appropriate 
period  modulated  by  a  Kaiser  window  for  the  en¬ 
tire  length  of  the  coating,  superimposed  on 
a  rugated  quintic  transitional  matching  layer  from 
air  to  filter  and  from  filter  to  substrate  [4, 11].  The 
average  refractive  index  in  the  filter  proper  was 
chosen  to  be  2.0,  and  the  maximum  peak-to-valley 
excursion  of  refractive  index  equalled  1.0,  while  the 


adjustable  parameter  of  the  Kaiser  window  was  set 
at  4.25  [12]. 

For  experimental  verification  of  the  technique 
SiO^-N^,  rugate  structures  were  grown  on  Corning 
7059  glass  substrates.  Temporal  changes  of  the  gas 
flows  needed  during  the  growth  of  the  filter  de¬ 
scribed  above  is  shown  in  Fig.  5.  Fig.  6  shows  the 
reflectance  spectra  of  an  as-grown  single-band  filter 
with  correction  for  non-ideality  of  the  reference 
aluminium  mirror  employed  in  the  spectro¬ 
photometer.  The  corresponding  simulated  spec¬ 
trum  is  shown  by  a  dashed  line.  The  maximum  in 
the  reflectance  band  of  the  grown  filter  occurs  at 
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Fig.  4.  A  three-dimensional  representation  of  the  complex  refractive  index  of  the  rugate  filter  as  a  function  of  wavelength  and  depth: 
(a)  refractive  index;  (b)  extinction  coefficient. 


Fig.  5.  Temporal  gas  flows  maintained  during  deposition  of 
rugate  filter. 


Fig.  6.  Calculated  and  measured  reflectance  of  rugate  filter  on 
a  glass  substrate. 
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700  nm  and  its  height  equals  the  design  value.  The 
wavelength  shift  is  about  a  3%  deviation  from  the 
designed  value  of  680  nm.  This  discrepancy  is  at¬ 
tributed  to  fluctuations  in  the  self-bias  of  the  sub¬ 
strate,  which  was  not  under  closed-loop  control. 
The  experimental  value  for  bandwidth  (FWHM)  is 
as  expected  equal  to  150  nm.  Sidelobes  outside  the 
stopband  of  about  10%  are  considerably  higher 
than  expected.  This  is  attributed  to  the  reflectance 
from  the  backside  of  the  glass  substrate. 

5.  Conclusions 

The  data  presented  here  show  that  the  optical 
properties  of  amorphous  SiO^^N^,  films  strongly  de¬ 
pend  on  the  chemical  composition.  Chemical  com¬ 
position  can  be  conveniently  controlled  by  the  gas 
composition  during  deposition.  Parameters  affect¬ 
ing  these  optical  properties  can  be  controlled 
reproducibly  in  order  to  obtain  complicated  refrac¬ 
tive  index  profiles.  This  is  especially  important  for 
optical  coatings  manufacturing.  We  demonstrated 
that  ECR-PECVD  can  be  used  successfully  for  the 
fabrication  of  rugate  optical  filters  with  pre-pro¬ 
grammed  graded  refractive  index  profiles  by  con¬ 
trolling  the  N2/SiH4  and  02/SiH4  gas  flow  ratios. 
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Abstract 

Device-quality  amorphous  silicon-carbon  alloys  have  been  grown  by  PECVD.  Using  these  materials,  n-Sn02/a-SiC: 
H/Al  structures  have  been  fabricated  which  exhibit  promising  optoelectronic  properties.  Since  the  transport  properties  of 
the  n-Sn02/a-SiC:H  interfacial  region  are  strongly  dependent  on  the  applied  bias,  these  devices  exhibit  both  voltage- 
dependent  gain  and  voltage-tunable  spectral  response. 


1.  Introduction 

The  availability  of  processes  able  to  grow  device¬ 
quality  amorphous  silicon-carbon  films  with  high 
carbon  content  [1,3]  opens  the  way  to  a  wider 
application  of  these  semi-insulating  materials  in 
optoelectronic  devices,  such  as  photodetectors, 
photovoltaic  cells  and  light-emitting  diodes  [4]. 
One  of  the  simplest  device  configurations  is  represen¬ 
ted  by  Schottky-type  junctions  between  a-SiC:H 
and  transparent  conductive  oxide  (Sn02,  ITO), 
which,  however,  have  been  reported  to  exhibit  new 
effects  such  as  photocurrent  multiplication  and 
current  photomodulation  [5,6].  In  order 
to  gain  a  deeper  insight  into  the  behaviour  of 
these  structures,  we  investigated  carrier  injection 
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across  the  n^-SnOa/a-SiC :  H  interface,  under 
illumination. 


2.  Experimental 

Undoped  1  pm-thick  a-Sii  :  H  thin  films  with 
X  =  0.2-0.5,  having  optical  gaps  between  2.0  and 
2.2  eV,  were  deposited  on  n^-Sn02"Coated  glass 
substrates  by  rf  glow-discharge  decomposition  of 
H2-diluted  methane-silane  mixtures.  The  growth 
pressure  and  the  radio -frequency  power  were  1  Torr 
and  0.3  W/cm^,  respectively,  while  the  substrate 
temperature  varied  from  230  to  300  °C.  Structural 
and  optical  properties  of  these  materials  were  re¬ 
ported  in  Ref.  [3].  After  the  growth,  contacts  were 
made  to  a-SiC :  H  films  with  A1  layers  deposited  by 
vacuum  evaporation.  Electronic  properties  of  n"^- 
Sn02/a-SiC :  H/Al  devices  were  investigated  by  cur¬ 
rent-voltage  measurements,  carried  out  in  dark 
conditions  and  under  white  and  monochromatic 
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Vv  (V'^') 

Fig.  I.  Current-voltage  characteristics  in  dark  conditions  and 
under  white  light  illumination  (lOOmW/cm"). 


where  is  the  light-induced  barrier  lowering. 
Such  lowering  can  be  attributed  [lO]  to  excess 
holes  photogenerated  in  the  a-SiC:H  layer  and 
accumulated  at  the  valence  band  discontinuity  be¬ 
tween  the  Sn02  (£g  =  3.5  eV)  and  a-SiC:H 
(£g  =  2.0-2.2  eV).  According  to  this  model,  we 
have 

A(Di,  =  fcTIn^l  (4) 

where  Api^i  and  Pq  are  the  excess  and  the  equili¬ 
brium  hole  densities  at  the  interface,  respectively. 
Apint  can  be  related  to  the  current  photogenerated 
in  the  a-SiC:  H  layer,  /p^,  by  the  equation 


illumination.  The  spectral  response  of  the  devices 
was  investigated  with  standard  equipment  [7]. 

3.  Results  and  discussion 

In  Fig.  I  a  semilog  plot  of  the  current  versus 
in  dark  conditions  and  under  white  light  illu¬ 
mination  (lOOmW/cm^)  is  shown  for  the  sample 
with  a  carbon  fraction  x  of  about  0.5  (amorphous 
silicon-carbide).  It  has  been  shown  [8]  that  the 
two-slope  behaviour  of  the  dark  characteristic  cor¬ 
responds  to  Schottky  injection  at  lower  fields  and 
Frenkel-Poole  emission  at  higher  fields.  In  the  for¬ 
mer  case  the  electron  current  across  the  n^- 
Sn02/a-SiC:H  interface  is  given  by  [9] 

=  IoQxp{-^r>/kT\  (I) 

with 

(2) 

Here  Od  is  the  total  Schottky  barrier  height  in  the 
dark,  Oq  is  the  zero-field  barrier  height,  a  is  the 
field-induced  barrier-lowering  coeflhcient,  k  is  the 
Boltzmann  constant,  T  is  the  absolute  temperature 
and  Iq  is  a  pre-exponential  factor.  Under  illumina¬ 
tion,  Schottky  injection  from  Sn02  to  a-SiC:  H  is 
made  easier  by  a  large  interface  barrier  decrease, 
and  the  corresponding  current  can  be  expressed  by 
the  equation 

/L  =  /oexp(^j,  (3) 


Apin,  = 


^ph 


(5) 


where  q  is  the  electronic  charge,  iij,  is  the  hole 
mobility  and  is  the  electric  field  at  the  interface. 

The  corresponding  spectral  quantum  yield,  de¬ 
fined  as 


/l-/d 


(6) 


(where  is  the  photon  flux  at  the  wavelength  ?.) 
can  therefore  be  written 


y  =  CoTin.exp(ayKb//cT),  (7) 

where  Cq  =  {lo/qPpPoEinx)  exp(  -  (Dq/ZcT)  is  a  di¬ 
mensionless  factor  and  Ti^t  =  ipJqP).  is  the  inter¬ 
nal  photocurrent  quantum  yield  of  the  a-SiC:H 
layer. 

The  experimental  field-dependence  of  the  total 
quantum  yield  is  shown  in  Fig.  2  for  an  amorphous 
silicon-carbide  sample  (x  =  0.5)  at  a  =  450  nm, 
while  the  experimental  spectral  dependence  is 
shown  in  Fig.  3  for  the  same  sample  at  two  volt¬ 
ages.  The  data  clearly  confirm  the  exponential  de¬ 
pendence  on  given  by  Eq.  (7),  suggesting 

a  weaker  voltage-dependence  of  the  internal  quan¬ 
tum  yield.  On  the  other  hand.  Tint  completely  de¬ 
termines  the  wavelength  dependence  of  the  total 
quantum  yield. 

In  order  to  explain  the  observed  spectral  res¬ 
ponse  at  high  electric  fields  we  assume  that  excess 
holes  are  photogenerated  within  the  a-SiC:  H  layer 
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b 

Fig.  2.  Photocurrent  yield  Y{f  V^)  as  a  function  of  the  applied 
voltage  Illumination  at  2  =  450  nm. 


wavelength  (nm) 

Fig.  3.  Photocurrent  yield  7(2,  KJ  as  a  function  of  the 
wavelength  2  for  different  applied  voltages.  Dots  represent  ex¬ 
perimental  values,  continuous  lines  represent  fits  obtained  from 
Eq.(lO). 

at  a  rate 

G(a,  z)  =  a(A)exp[-  a(A)^],  (8) 

where  a  is  the  absorption  coefficient,  and  collected 
at  the  front  interface  with  a  probability 

Pe(2)  =  exp[-(z-Zf)/L],  (9) 

where  L  is  the  effective  collection  length  and  Zf  is 
the  depth  of  a  characteristic  dead  layer  close  to  the 
Sn02/a-SiC  interface.  The  reasons  for  introducing 
such  a  dead  layer  will  be  briefly  explained  in  the 
following. 


Owing  to  the  low  values  of  mobility-lifetime 
products  in  silicon-carbon  alloys 
cm^V^),  diffusion  lengths  are  negligible 
(  ~  10  nm)  [3].  So  that  carrier  collection  is  domin¬ 
ated  by  drift  and  L  is  essentially  identical  to  the 
drift  length,  which  at  Fb  ^  10  V  can  be  estimated 
around  0.1pm. 

In  the  region  close  to  the  interface,  where  the 
accumulation  of  positive  charges  occurs,  the  effec¬ 
tive  field  strength  dramatically  decreases,  thereby 
leading  to  a  layer  in  which  photogenerated  carriers 
are  practically  not  collected.  Moreover,  during  the 
growth,  several  chemical  reactions  occur  between 
Sn02  and  the  reducing  species  present  in  the 
plasma  [11],  leading  to  the  formation  of  a  very 
defective  interface  region  (containing  metal-Sn, 
SiO^,  etc.),  with  a  high  recombination  rate.  All  these 
effects  contribute  to  the  formation  of  the  dead  layer 
introduced  in  our  simple  model  through  the  thick¬ 
ness  Zf. 

The  existence  of  a  dead  layer  is  experimentally 
confirmed  by  the  very  low  values  of  photocurrent 
quantum  yield  at  wavelengths  below  450  nm.  As 
the  applied  voltage  is  increased,  the  photocurrent 
yield  increases,  due  to  better  carrier  collection.  At 
the  same  time,  the  peak  wavelength  remains  almost 
constant. 

Under  these  assumptions  the  internal  photocur¬ 
rent  quantum  yield  of  the  a-SiC:  H  layer  can  be 
written  as  [12] 

^  a 

=  j  G(a,  z)P{z)dz  =  — exp(Zf/L) 

Zf  ^ 

X  {exp(  —  ^Zf)  —  exp(  —  Ad)},  (10) 

with  T  =  a  -h  1/L  and  d  thickness  of  the  amorph¬ 
ous  layer.  Starting  from  this  expression,  the  experi¬ 
mental  data  shown  in  Fig.  3  can  be  fitted  assuming 
a  dead  layer  of  thickness  Zf  =  0.3  pm,  a  collection 
length  slightly  increasing  with  the  applied  voltage 
Fb  and  experimental  values  for  a(2)  [3].  It  is  note¬ 
worthy  that  the  optical  filtering  effect  of  the  Sn02 
layer  (with  £g  =  3.5  eV)  occurs  at  wavelengths 
lower  than  350  nm. 

In  order  to  improve  the  spectral  response  in  the 
blue  region  of  the  spectrum,  samples  with  a  lower 
carbon  content  {x  =  0.2)  have  been  examined, 
whose  experimental  quantum  yield  is  shown  in 
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wavelength  (nm) 

Fig.  4.  (a)  Experimental  values  of  the  internal  photocurrent 
quantum  yield  for  several  different  applied  voltages;  (b) 
calculated  responses  obtained  from  Eq.  (10). 


Fig.  4(a)  for  different  applied  voltages.  The  increase 
of  Fb  leads  not  only  to  an  increase  of  the  curve  but 
yields  a  shift  of  the  peak  towards  smaller 
wavelengths.  This  behaviour  can  be  well  described 
by  assuming  a  progressively  thinner  dead  layer,  due 
to  a  stronger  confinement  of  accumulated  excess 
holes  by  the  applied  electric  field.  Similar  behaviour 
was  not  observed  in  samples  with  higher  carbon 
content  (Fig.  3) .  This  is  tentatively  attributed  to  the 
pinning  of  the  dead  layer  edge  by  the  higher  defect 
density  of  carbon-rich  alloys.  Fig.  4(b)  shows  inter¬ 
nal  quantum  yields,  calculated  according  to 
Eq.  (10),  assuming  values  of  the  dead  layer  thick¬ 
ness  from  0.3  to  0.8  pm.  The  simulated  spectral 
responses  describe  fairly  well  the  experimental 
data.  The  bias  dependence  of  the  dead  layer  thick¬ 
ness  is  shown  in  Fig.  5.  In  the  range  1-4  V  such 
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Fig.  5.  Dead  layer  thickness  as  a  function  of  the  applied 
voltage  the  dotted  line  represents  a  theoretical  fit,  as  described  in 
the  text. 

a  dependence  is  well  represented  by  the  equation 

.  (Ill 

where  (d  —  Wo)is  the  dead  layer  at  zero  field,  Fbi  is 
the  built-in  voltage  and  the  second  term  represents 
the  voltage-induced  widening  of  the  depleted  re¬ 
gion  [9].  Its  behaviour  is  shown  as  a  function  of 
by  the  dashed  line  in  Fig.  5. 

4.  Conclusions 

Device-quality  amorphous  silicon-carbon  alloys 
have  been  grown  by  PECVD  using  large  hydrogen 
dilution  (90%)  and  high  deposition  temperature 
(300°C).  In  view  of  their  application  as  optoelec¬ 
tronic  materials,  double  Schottky  barrier  structures 
n“^-Sn02/a-SiC:  H/Al  have  been  fabricated  and  in¬ 
vestigated.  As  shown  from  current-voltage 
measurements  under  monochromatic  illumination, 
the  dominant  transport  mechanism  is  electron  in¬ 
jection  from  TCO  to  a-SiC :  H  but  the  interfacial 
barrier  height  is  controlled  by  the  accumulation  of 
holes  photogenerated  in  the  amorphous  layer. 
Their  presence  is  also  responsible  for  a  'dead’  front 
region  which  limits  the  blue  spectral  response.  In 
less  defective  materials  the  width  of  such  a  region  is 
controlled  by  the  applied  bias.  These  interfacial 
effects  allow  us  to  obtain  devices  with  voltage- 
dependent  gain  and  voltage-tunable  spectral  res¬ 
ponse. 


R.  Vincenzoni  et  al.  /  Journal  of  Non-Crystalline  Solids  187  (1995)  489-493 


493 


References 

[1]  A.  Matsuda,  T.  Yamaoka,  S.  Wolff,  M.  Koyama,  Y. 
Imanishi,  H.  Kataoka,  H.  Matsura  and  K.  Tanaka, 
J.  Appl.  Phys.  60  (1986)  4025. 

[2]  S.H.  Baker,  W.E.  Spear  and  R.A.G.  Gibson,  Philos.  Mag. 
662  (1990)  213. 

[3]  G.  De  Cesare,  F.  Galluzzi,  G.  Guattari,  G.  Leo,  R.  Vincen¬ 
zoni  and  E.  Bemporad,  Diam.  Mater  2,  (1993)  773. 

[4]  Y.  Hamakawa,  in:  M.M.  Rahman,  C.Y.-W.  Yang.  G.L. 
Harris,  eds..  Amorphous  and  Crystalline  Silicon  Carbide 
and  Related  Materials  II  (Springer,  Berlin,  1989)  p.  164. 

[5]  M.  Hiramoto,  K.  Yoshimura,  Y.,  Nakayama,  S.  Akita,  T. 
Kawamura  and  M.  Yokoyama,  Appl.  Phys.  Lett.  59  (1991) 
1992. 


[6]  M.  Hiramoto,  K.  Yoshimura  and  M.  Yokoyama,  Appl. 
Phys.  Lett.  60  (1992)  1102 

[7]  M.S.  Bennet  and  R.R.  Arya,  Solar  Cells  18  (1986)  289. 

[8]  R.  Vincenzoni,  G.  Masini,  G.  Leo,  G.  Guattari  and 
F.  Galluzzi,  Mater.  Res.  Soc.  Symp.  Proc.  297  (1993) 
525. 

[9]  S.  Sze,  Physics  of  Semiconductor  Devices,  2nd  Ed.  (Wiley 
Interscience,  New  York,  1981)  chs.  5  and  7. 

[10]  R.  Vincenzoni,  G.  Masini,  G.  Leo  and  F.  Galluzzi,  Solid 
State  Electron.  37  (1994)  1937. 

[11]  G.  Grillo,  G.  Conte,  D.  Della  Sala  and  F.  Galluzzi,  IEEE 
Trans.  Electron.  Dev.  36  (1989)  2829. 

[12]  R.H.  Bube,  Photoelectronic  Properties  of  Semiconductors 
(Cambridge  University,  Cambridge,  1992)  p.  252. 


ELSEVIER 


KRiiLLl  SOLIDS 


Journal  of  Non-Crystalline  Solids  187  (1995)  494  497 


Thermo-optic  mode  extinction  modulation  in  polymeric  waveguide 
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Abstract 

Thermo-optic  mode  extinction  modulation  was  demonstrated  in  polymeric  waveguide  structures.  A  strip  heater  was 
used  to  control  mode  extinction  via  the  thermo-optic  effect.  Mode  extinction  occurs  due  to  the  counteracting  effect  which 
arises  from  a  polymeric  waveguide  with  a  negative  thermo-optic  coefficient  and  a  glass  substrate  with  a  positive 
coefficient.  Complete  mode  extinction  was  achieved  at  a  low  driving  voltage  (1.6  V).  Several  devices  were  fabricated  and 
tested  using  sine  and  square  wave  ac  voltages  up  to  40  kHz.  Switch  ON  and  OFF  times  in  the  millisecond  range  were 
obtained.  All  devices  were  made  of  commercially  available  clear  polyurethane  varnish  on  BK-7  glass  substrates. 


1.  Introduction 

In  optoelectronics  guided  optical  beams  may  be 
switched,  deflected  or  modulated  by  electro-, 
acousto-,  magneto-  or  thermo-optic  effects.  While 
the  first  three  effects  have  received  much  attention 
in  the  past,  thermo-optic  effects  were  only  con¬ 
sidered  recently  on  glass  or  polymeric  thin  film 
structures  [1-4].  Thermally  induced  refractive  in¬ 
dex  variation  is  provided  by  an  electrically  driven 
strip  heater  deposited  on  the  interaction  region  of 
these  devices.  It  is  well  known  that  polymers  possess 
negative  temperature  coefficients  while  some  glasses 
possess  a  positive  coefficient  [5,6].  When  a  poly¬ 
mer  is  spun  on  a  glass  substrate  a  counteracting 
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effect  arises  which  can  be  utilized  to  design  and 
fabricate  a  thermo-optic  mode  extinction  modula¬ 
tor  (TOMEM)  [7].  Essentially,  a  thermo-optic 
mode  extinction  modulator  is  a  weakly  guiding 
waveguide  section  to  which  a  strip  heater  is  added 
to  control  the  guidance  by  means  of  the  thermo¬ 
optic  effect.  Complete  mode  extinction  occurs  when 
the  waveguide  is  brought  to  cut-off  via  thermally 
induced  refractive  index  changes  in  both  the  guid¬ 
ing  polymer  thin  film  and  the  glass  substrate. 
Among  the  common  polymers  in  use  in  integrated 
optics  polyurethane  has  the  highest  thermo-optic 
coefficient  (du/dT)  .  It  was  chosen  for  this  investiga¬ 
tion  to  yield  low  driving  voltages.  Its  thermo-optic 
coefficient  was  measured  to  be  —  5.3x10”^ K“h 
The  refractive  index  of  polyurethane  was  1.522. 
A  BK-7  glass  substrate  with  a  refractive  index  of  1.515 
was  used  to  reduce  the  change  in  refractive  index 
required  to  produce  complete  mode  extinction.  A 
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metallic  stripe  heater  driven  by  a  stabilized  power 
supply  was  used  to  induce  temperature  changes  in 
the  weakly  guiding  section.  Although  thermo-optic 
devices  have  slow  speeds  of  operation,  they  can  be 
useful  in  applications  where  high  speed  is  not  re¬ 
quired.  In  this  paper,  we  describe  the  fabrication 
and  experimental  demonstration  of  a  thermo-optic 
mode  extinction  modulator. 


2.  Experimental  details 

The  thermo-optic  mode  extinction  modulator 
was  fabricated  using  commercially  available  clear 
varnish  polyurethane  thin  film.  It  was  spin  coated 
on  a  BK-7  glass  substrate.  It  has  a  thickness  of 
3.4  |im  and  a  refractive  index  of  1.522  determined 
by  M-line  technique.  A  PMMA  buffer  layer  was 
spun  on  this  layer  and  finally  a  strip  heater  was 
sputtered  on  top.  The  PMMA  protective  layer  has 
a  thickness  of  0.3  pm  and  a  refractive  index  of  1.488. 
The  strip  heater  was  cold  sputtered  through 
a  mechanical  mask,  10  mm  long  and  1  mm  wide. 
The  refractive  index  of  the  BK-7  glass  substrate  is 
1.515.  Several  devices  were  fabricated  and  tested  at 
different  strip  heater  total  resistances.  Conven¬ 
tional  prism  coupling  was  used  to  couple  light 
(HeNe  2  =  0.6328  pm)  in  and  out  of  the  poly¬ 
urethane  weakly  guiding  single  mode  and  thin  film 
waveguide.  The  out  coupled  light  was  focused  on 
a  photodetector  connected  to  a  storage  oscillo¬ 
scope.  The  modulator  was  tested  while  exciting  the 
transverse  electric  (TE)  guided  mode  only.  Electri¬ 
cal  control  of  the  guided  mode  extinction  by  a  dc 
voltage  applied  across  the  strip  heater  terminals. 
The  dissipated  electrical  power  in  the  strip  heater 
was  used  to  change  the  temperature  of  the  thin  film. 
The  guided  beam  was  coupled  such  that  it 
propagated  normal  to  the  strip  heater  length. 
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Fig,  1.  Variation  of  guided  mode  intensity  with  applied  dc  volt¬ 
age  with  a  strip  heater  of  15  Q  total  resistance. 


3.  Results 

A  TE  polarized  He-Ne  laser  light  was  coupled  in 
and  out  the  polymeric  thin  film  waveguide. 
Electrical  control  of  the  guided  mode  extinction 
by  a  dc  voltage  applied  across  a  15  Q  strip  heater 
is  depicted  in  Fig.  1,  where  complete  mode 


Fig.  2.  Modulator  response  (upper  trace)  to  a  sine-  wave  7  V 
peak  to  peak  (lower  trace)  with  a  strip  heater  of  270  total 
resistance. 

extinction  is  evident  at  1.6  V.  When  the  strip 
heater  was  driven  with  a  pure  sine  wave  the 
modulated  amplitude  had  twice  the  frequency  of 
the  applied  signal  because  the  thermo-optic  mode 
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(a) 


(b) 

Fig.  3.  Modulator  square  wave  response:  (a)  upper  trace  switch 
OFF  response;  (b)  upper  trace  switch  ON  response. 


extinction  effect  is  related  to  the  dissipated  power 
rather  than  the  applied  voltage.  In  Fig.  2  we  present 
the  modulator  response  to  sine  wave  at  a  frequency  of 
iO  kHz  and  peak  to  peak  voltage  of  7  V  applied 
across  a  270  Q  strip  heater.  Although  no  attempt  was 
made  to  optimize  this  modulator  we  were  able  to 
measure  its  response  up  to  40  kHz.  To  measure  the 
switching  response  the  modulator  was  driven  with 
a  square  wave  (Fig.  3)  where  it  can  be  seen  that  the 
switching  from  extinction  cut-off  state  to  total  trans¬ 


mission  state  is  --  6.7  ms,  and  is  determined  by  the 
strip  heater  geometry  and  heat  sinking.  The  switching 
from  total  transmission  state  to  cut-off  state  is  slow 
and  determined  by  the  thin  film  thermal  properties. 


4.  Discussion 

In  principle  a  mode  extinction  modulator  consists 
of  a  weakly  guiding  waveguide  section,  where  cha¬ 
nges  can  be  introduced  in  the  guiding  thin  film 
refractive  index  to  achieve  modulation  of  the  guided 
optical  beam  intensity.  This  can  be  achieved  thermo- 
optically  in  polymers  using  polyurethane  on  a  BK-7 
glass  substrate.  The  refractive  index  changes  in  both 
the  polymer  thin  film  and  the  substrate  can  be  in¬ 
duced  by  temperature  changes.  The  temperature  can 
be  controlled  by  a  strip  heater  deposited  on  top  of 
the  polymer  thin  film.  The  choice  of  a  polymer 
having  a  high  negative  thermo-optic  coefficient  to¬ 
gether  with  a  substrate  namely  BK-7  having  a  close 
refractive  index  to  that  of  the  polymer  and  a  positive 
thermo-optic  coefficient  resulted  in  a  modulator  re¬ 
quiring  a  low  driving  voltage  to  achieve  complete 
(100%)  mode  extinction.  As  can  be  seen  in  Fig. 
I  complete  mode  extinction  happened  at  ~  1.6  V 
across  a  15  Q  heater.  This  corresponds  to  about 
170  mW  of  dissipated  power  across  the  heater 
length,  and  only  40  mW  are  needed  across  the  inter¬ 
action  region.  The  temperature  is  dependent  on  the 
dissipated  power  rather  than  the  applied  voltage. 
When  a  sine-wave  signal  is  applied  across  the  heater 
the  guided  beam  is  modulated  at  twice  its  frequency, 
as  can  be  seen  in  Fig.  2. 

Using  a  square  wave  the  modulator  was  tested  up 
to  40  kHz  in  an  on-off  mode.  No  attempt  was  made 
to  optimize  the  response  speed  in  this  investigation.  It 
can  be  seen  that  the  switching  response  from  total 
transmission  state  to  cut-off  was  very  slow.  It  was 
determined  by  the  thin  film  thermal  properties.  The 
response  time  for  the  switching  from  cut-off  state  to 
total  transmission  was  --  6.7  ms.  It  was  determined 
by  the  heater  geometry  and  heat  sinking.  Thermo¬ 
optic  devices  in  general  have  a  low  speed  disadvan¬ 
tage,  but  they  can  be  very  low-cost  useful  components 
in  applications  where  high  speed  is  not  required.  They 
can  be  useful  for  temperature,  pressure  and  gas  flow 
sensing  applications. 
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5.  Conclusions 

In  conclusion,  we  have  demonstrated  thermo¬ 
optic  mode  extinction  modulation  in  polymeric 
waveguide  structure  using  polyurethane  thin 
film  on  a  BK-7  glass  substrate  at  low  driving 
voltages.  The  required  driving  power  to  achieve 
complete  (100%)  mode  extinction  is  about 
40  mW.  The  speed  of  operation  is  limited  to  mil¬ 
liseconds  range  as  is  the  case  for  most  thermo¬ 
optic  devices. 
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